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OVERLOAD PROTECTION MECHANISM 
Gross Reference to Related Application 

This application claims priority from U.S. Provisional Application No. 
5 60/383,139 filed May 28, 2002, and titled OVERLOAD PROTECTION, which is 
incorporated by reference herein in its entirety. 

Background of the Invention 

This invention relates to an overload protection mechanism used in, for 
example, generators, compressors, pumps, integral engine compressors, and integral 
10 engine pumps. 

Most piston driven engines have pistons that are attached to offset portions of 
a crankshaft such that as the pistons are moved in a reciprocal direction transverse to 
the axis of the crankshaft, the crankshaft will rotate. 

U.S. Patent 5,535,709, defines an engine with a double ended piston that is 
15 attached to a crankshaft with an off set portion. A lever attached between the piston 
and the crankshaft is restrained in a fulcrum regulator to provide the rotating motion 
to the crankshaft. 

U.S. Patent 4,01 1,842, defines a four cylinder piston engine that utilizes two 
double ended pistons connected to a T-shaped connecting member that causes a 
20 crankshaft to rotate. The T-shaped connecting member is attached at each of the T- 
cross arm to a double ended piston. A centrally located point on the T-cross arm is 
rotatably attached to a fixed point, and the bottom of the T is rotatably attached to a 
crank pin which is connected to the crankshaft by a crankthrow which includes a 
counter weight. 
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In each of the above examples, double ended pistons are used that drive a 
crankshaft that has an axis transverse to the axis of the pistons. 

Summary of the Invention 

According to one aspect of the invention, an assembly includes at least one 
piston assembly, a rotating member, and a transition arm. The transition arm couples 
the piston assembly to the rotating member. The assembly includes an overload 
protection mechanism coupled to the transition arm and configured to reduce piston 
stroke of the piston assembly upon application of an overload to the assembly while 
enabling the rotating member to continue rotating. 

Embodiments of this aspect of the invention may include one or more of the 
following features. 

The rotating member is a flywheel and the transition arm and the overload 
—protection mechanism are coupled within ^ assembly 
includes a control rod for adjusting the operating piston stroke of the piston assembly 
and the overload protection mechanism is coupled to the transition arm by the control 
rod. 

The overload protection mechanism is configured to reduce piston stroke of 
the piston assembly, e.g., to zero stroke, while enabling the rotating member, e.g., an 
input drive and/or a flywheel, to continue rotating at a substantially pre-overload 
speed. 

In an illustrated embodiment, the rotating member defines a slot and the 
overload protection mechanism includes at least one spring positioned in the slot and 
configured to bias the transition arm towards an operating stroke position. The slot is 
bounded by a plurality of different surfaces sized and shaped to guide the transition 
arm from an operating stroke position to a reduced stroke position upon application of 
the overload. The spring is, e.g., a coil spring or a leaf spring. 
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The assembly includes a control rod for adjusting the operating stroke of the 
piston assembly. The overload protection mechanism is coupled to the control rod 
and includes a spring and a control rod extension coupled to the spring. The assembly 
includes a force applicator, e.g., a hydraulic cylinder, coupled to the control rod 
extension. The spring has a spring force selected such that application of a load on 
the control rod extension by the force applicator to adjust piston stroke is transferred 
to the control rod by the spring, and application of an overload to the spring by the 
control rod causes the spring to compress to allow a decrease in piston stroke. 

The overload protection mechanism is configured to increase piston stroke 
upon removal of the overload. The assembly includes at least three piston assemblies, 
and the transition arm couples each piston assembly to the rotating member. 

According to another aspect of the invention, an overload protection 
mechanism protects an assembly from damage due to an overload. The assembly 
includes at least one piston assembly and a transition arm coupledlo the piston 
assembly. The overload protection mechanism includes a biasing member configured 
and arranged to bias the transition arm towards an operating stroke position, and react 
in response to application of an overload such that the position of the transition arm is 
adjusted to reduce piston stroke of the piston assembly. 

According to another aspect of the invention, an overload protection 
mechanism protects an assembly from damage due to an overload. The assembly 
includes at least one piston assembly and a control rod for adjusting operating stroke 
of the piston assembly. The overload protection mechanism includes a control rod 
extension configured to receive a load for adjusting the operating stroke of the piston 
assembly, and a spring acting between the control rod and the control rod extension. 
The spring has a spring force selected such that application of the load on the control 
rod extension to adjust piston stroke is transferred to the control rod by the spring, and 
an application of an overload to the spring by the control rod causes the spring to 
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compress to allow a decrease in piston stroke. 

According to another aspect of the invention, a method of protecting an 
assembly from an overload includes reducing piston stroke upon application of an 
overload to the assembly while enabling a rotating member, e.g., an input drive and/or 
a flywheel, to continue rotating at a substantially pre-overload speed. 

Embodiments of this aspect of the invention may include reducing piston 
stroke to zero. 

According to another aspect of the invention, an assembly includes at least one 
piston assembly, a rotating member, and a transition arm coupling the piston assembly 
to the rotating member. The assembly includes a means for reducing piston stroke of 
the piston assembly upon application of an overload to the assembly while enabling 
the rotating member to continue rotating. 

Advantages of the inventionm^ to reduce stroke to limit 
damage due to an overload while maintaining the rotational inertia of the flywheel 
and the input drive. The stroke can be reduced to zero such that the pistons are not 
acting against the overload, while the input drive and flywheel can continue to rotate 
to reduce start-up time when the overload is removed. 

The details of one or more features of the invention are set forth in the 
accompanying drawings and the description below. Other features and advantages of 
the invention will be apparent from the description and drawings. 

Brief Description of the Drawings 

FIGS. 1 and 2 are side view of a simplified illustration of a four cylinder 
engine of the present invention; 

FIGS. 3, 4, 5 and 6 are a top views of the engine of FIG. 1 showing the pistons 
and flywheel in four different positions; 



- 4 - 



WO 2003/100231 



PCT/US2003/016633 



FIG. 7 is a top view, partially in cross-section of an eight cylinder engine of 
the present invention; 

FIG. 8 is a side view in cross-section of the engine of FIG. 7; 

FIG. 9 is a right end view of FIG. 7; 

5 FIG. 10 is a side view of FIG. 7; 

FIG. 1 1 is a left end view of FIG. 7; 

FIG. 12 is a partial top view of the engine of FIG. 7 showing the pistons, drive 
member and flywheel in a high compression position; 

FIG. 13 is a partial top view of the engine in FIG. 7 showing the pistons, drive 
10 member and flywheel in a low compression position; 

FIG. 14 is a top view of a piston; 

FIG. 15 is a side view of a piston showing the drive member in two positions; 
FIG. 16 shows the bearing interface of the drive member and the piston; 
FIG. 17 is an air driven engine/pump embodiment; 

is FIG. 18 illustrates the air valve in a first position; 

FIGS. 18a, 18b and 18c are cross-sectional view of three cross-sections of the 
air valve shown in FIG. 18; * 

FIG. 19 illustrates the air valve in a second position; 

FIGS. 19a, 19b and 19c are cross-sectional view of three cross-sections for the 
20 air valve shown in FIG. 1 9; 

FIG. 20 shows an embodiment with slanted cylinders; 
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FIG. 21 shows an embodiment with single ended pistons; 



FIG. 22 is a top view of a two cylinder, double ended piston assembly; 



FIG. 23 is a top view of one of the double ended pistons of the assembly of 



FIG. 22; 



5 



FIG. 23a is a side view of the double ended piston of FIG. 23, taken along 



lines 23A, 23 A; 

FIG. 24 is a top view of a transition arm and universal joint of the piston 
assembly of FIG. 22; 

FIG. 24a is a side view of the transition arm and universal joint of FIG. 24, 
10 taken along lines 24a, 24a; 

FIG. 25 is a perspective view of a drive arm connected to the transition arm of 
thepiston assemblyof FIG722; 

FIG. 25a is an end view of a rotatable member of the piston assembly of FIG. 
22, taken along lines 25a, 25a of FIG. 22, and showing the connection of the drive 
15 arm to the rotatable member; 

FIG. 25b is a side view of the rotatable member, taken along lines 25b, 25b of 
FIG. 25a; 

FIG. 26 is a cross-sectional, top view of the piston assembly of FIG. 22; 
FIG. 27 is an end view of the transition arm, taken along lines 27, 27 of FIG. 



20 24; 



FIG. 27a is a cross-sectional view of a drive pin of the piston assembly of FIG. 



22; 



FIGS. 28-28b are top, rear, and side views, respectively, of the piston 
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assembly of FIG. 22 ; 

FIG. 28c is a top view of an auxiliary shaft of the piston assembly of FIG. 22; 

FIG. 29 is a cross-sectional side view of a zero-stroke coupling; 

FIG. 29a is an exploded view of the zero-stroke coupling of FIG. 29; 

FIG. 30 is a graph showing the figure 8 motion of a non-flat piston assembly; 

FIG. 31 shows a reinforced drive pin; 

FIG. 32 is a top view of a four cylinder engine for directly applying 
combustion pressures to pump pistons; 

FIG. 32a is an end view of the four cylinder engine, taken along lines 32a, 32a 
of FIG. 32; 

FIG733~is^ncross-se^^ 

variable stroke assembly shown in a maximum stroke position; 

FIG. 34 is a cross-sectional top view of the embodiment of FIG. 33 shown in a 
minimum stroke position; 

FIG. 35 is a partial, cross-sectional top view of an alternative embodiment of a 
double-ended piston joint; 

FIG. 35 A is an end view and FIG. 35B is a side view of the double-ended 
piston joint, taken along lines 35A, 35A and 35B, 35B, respectively, of FIG. 35; 

FIG. 36 is a partial, cross-sectional top view of the double-ended piston joint 
of FIG. 35 shown in a rotated position; 

FIG. 37 is a side view of an alternative embodiment of the joint of FIG. 35; 

FIG. 38 is a top view of an engine/compressor assembly; 
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FIG. 38A is an end view and FIG. 38B is a side view of the engine/compressor 
assembly, taken along lines 38A, 38 A and 38B, 3SB, respectively, of FIG. 38; 

FIG. 39 is a perspective view of a piston engine assembly including 
counterbalancing; 

FIG. 40 is a perspective view of the piston engine assembly of FIG. 39 in a 
second position; 

FIG. 41 is a perspective view of an alternative embodiment of a piston engine 
assembly including counterbalancing; 

FIG. 42 is a perspective view of the piston engine assembly of FIG. 41 in a 
second position. 

FIG. 43 is a perspective view of an additional alternative embodiment of a 
piston engine assembly including counterbalancing; 

FIG. 44 is a perspective view of the piston engine assembly of FIG. 43 in a 
second position; 

FIG. 45 is a perspective view of an additional alternative embodiment of a 
piston engine assembly including counterbalancing; 

FIG. 46 is a perspective view of the piston engine assembly of FIG. 43 in a 
second position; 

FIG. 47 is a side view showing the coupling of a transition arm to a flywheel; 

FIG. 48 is a side view of an alternative coupling of the transition arm to the 
flywheel; 

FIG. 49 is a side view of an additional alternative coupling of the transition 
arm to the flywheel; 
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FIG. 50 is a cross-sectional side view of a hydraulic pump; 

FIG. 51 is an end view of a face valve of the hydraulic pump of FIG. 50; 

FIG. 52 is a cross-sectional view of the hydraulic pump of FIG. 30, taken 
along lines 52-52; 

5 FIG. 53 is an end view of a face plate of the hydraulic pump of FIG. 50; 

FIG. 54 is a partially cut-away side view of a variable compression piston 
assembly; 

FIG. 55 is a cross-sectional side view of the piston assembly of FIG. 54, taken 
along lines 55-55; 

10 FIG. 56 is a side view of an alternative embodiment of a piston joint; 

FIGS. 56A and 56B are top and end views, respectively, of the piston joint of 

FIG. 56; 

FIG. 56C is an exploded perspective view of the piston joint of FIG. 56; 

FIG. 56D is an exploded view of inner and outer members of the piston joint 
is of FIG. 56; 

FIGS. 56E and 56F are side and inner face views, respectively, of an outer 
member of the piston joint of FIG. 56; 

FIG. 57 illustrates the piston assembly of FIG. 54 with a balance member; 

FIG. 58 is a partial cross-sectional view of a compressor with a linear 
2 o stroke/clearance control mechanism; 

FIG. 59 is a graph showing the top dead center clearance as stroke is varied in 
the compressor of FIG. 58; 
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FIG. 60 is a partial cross-sectional view of a compressor with a non-linear 
stroke/clearance control mechanism; 

FIG. 61 is a cross-sectional view of an integral motor/compressor; 

FIG. 62 is a cross-sectional view of the integral motor/compressor of Fig. 61 
5 incorporating a linear stroke/clearance control mechanism; 

FIG. 63 is an illustration of a metering pump; 

FIG. 64 is a simplified, isometric view of the metering pump of FIG. 63 with 
components removed for ease of illustration; 

FIG. 65 is an illustration of a linear generator/motor assembly; 

10 FIG. 66 is an illustration of an alternative embodiment of a magnet and coil of 

the assembly of FIG. 65; 

FIG. 67 is an illustration of a compressor or pump assembly including a single 
linear motor; 

FIG. 68 is an illustration of a piston assembly that converts between phases; 

is FIG. 69 is an illustration of an output shaft of one piston assembly driving 

another piston assembly; 

FIG. 70 is an illustration of a drive assembly with an overload protection 
mechanism; 

FIG. 71 is an illustration of a portion of the drive assembly of FIG. 70; 
20 FIG. 72 is an end view of the overload protection mechanism taken along lines 



72-72 of FIG. 71; 

FIG. 73 is a cross-sectional view of a flywheel of the drive assembly of FIG. 



70; 
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FIG. 74 is a perspective view of a block of the drive assembly of FIG. 70; 

FIG. 75 is a perspective view of a pad of the drive assembly of FIG. 70 used in 
an optional shut-off or light indicator mechanism; 

FIG. 76A is an illustration of a portion of the drive assembly of FIG. 70; 

FIG. 76B is an end view of the overload protection mechanism of FIG. 76 A 
taken along lines 76B-76B of FIG. 76A; 

FIG. 76C is an illustration of the drive assembly of FIG. 76A with the overload 
protection mechanism responding to a downstream blockage; 

FIG. 76D is an end view of the overload protection mechanism of FIG. 76C 
taken along lines 76D-76D of FIG. 76C; 

FIG. 77 is an illustration of a portion of a drive assembly with an alternative 
implementation ot an overload protection mechanism; 

FIG. 78 is an end view of the overload protection mechanism of FIG. 77 taken 
along lines 78-78 of FIG. 77; 

FIG. 79 is an exploded view of a spring retainer ring, a leaf spring, and a 
flywheel of the drive assembly of FIG. 77; 

FIG. 80 is a cross-sectional view of the flywheel of the drive assembly of FIG. 

77; 

FIG. 81 is an illustration of a variable stroke pump assembly with an 
alternative embodiment of an overload protection mechanism; and 

FIG. 82 is an illustration of the overload protection mechanism of FIG. 81. 

Description of the Preferred Embodiments 

FIG. 1 is a pictorial representation of a four piston engine 10 of the present 
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invention. Engine 10 has two cylinders 11 (FIG. 3) and 12. Each cylinder 11 and 12 
house a double ended piston. Each double ended piston is connected to transition arm 
13 which is connected to flywheel 15 by shaft 14. Transition arm 13 is connected to 
support 19 by a universal joint mechanism, including shaft 18, which allows transition 
5 arm 13 to move up an down and shaft 17 which allows transition arm 13 to move side 
to side. FIG. 1 shows flywheel 15 in a position shaft 14 at the top of wheel 15. 

FIG. 2 shows engine 10 with flywheel 15 rotated so that shaft 14 is at the 
bottom of flywheel 15. Transition arm 13 has pivoted downward on shaft 18. 

FIGS. 3-6 show a top view of the pictorial representation, showing the 
10 transition arm 13 in four positions and shaft moving flywheel 15 in 90° increments. 

FIG. 3 shows flywheel 15 with shaft 14 in the position as illustrated in FIG. 3a. When 
piston 1 fires and moves toward the middle of cylinder 11, transition arm 13 will pivot 
on universal joint 16 rotating flywheel 15 to the position shown in FIG. 2. Shaft 14 
wtirbem the positionshown fiTFIG^aTWhen piston 4 is fired, transition arm 13 will 
is move to the position shown in FIG. 5. Flywheel 15 and shaft 14 will be in the 

position shown in FIG 5a. Next piston 2 will fire and transition arm 13 will be moved 
to the position shown in FIG. 6. Flywheel 15 and shaft 14 will be in the position 
shown in FIG. 6a. When piston 3 is fired, transition arm 13 and flywheel 15 will 
return to the original position that shown in FIGS. 3 and 3a. 

2 o When the pistons fire, transition arm will be moved back and forth with the 

movement of the pistons. Since transition arm 13 is connected to universal joint 16 
and to flywheel 15 through shaft 14, flywheel 15 rotates translating the linear motion 
of the pistons to a rotational motion. 

FIG. 7 shows (in partial cross-section) a top view of an embodiment of a four 
25 double piston, eight cylinder engine 30 according to the present invention. There are 
actually only four cylinders, but with a double piston in each cylinder, the engine is 
equivalent to a eight cylinder engine. Two cylinders 31 and 46 are shown. Cylinder 
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31 has double ended piston 32, 33 with piston rings 32a and 33a, respectively. 
Pistons 32, 33 are connected to a transition arm 60 (FIG. S) by piston aim 54a 
extending into opening 55a in piston 32, 33 and sleeve bearing 55. Similarly piston 
47, 49, in cylinder 46 is connected by piston arm 54b to transition arm 60. 

Each end of cylinder 31 has inlet and outlet valves controlled by a rocker arms 
and a spark plug. Piston end 32 has rocker arms 35a and 35b and spaik plug 44, and 
piston end 33 has rocker arms 34a and 34b, and spark plug 41 . Each piston has 
associated with it a set of valves, rocker arms and a spark plug. Timing for firing the 
spark plugs and opening and closing the inlet and exhaust values is controlled by a 
timing belt 51 which is connected to pulley 50a. Pulley 50a is attached to a gear 64 
by shaft 63 (FIG. 8) turned by output shaft 53 powered by flywheel 69. Belt 50a also 
turns pulley 50b and gear 39 connected to distributor 38. Gear 39 also turns gear 40. 
Gears 39 and 40 are attached to cam shaft 75 (FIG. 8) which in turn activate push rods 
that are attached to the rocker arms 34, 35 and other rocker arms not illustrated. 

Exhaust manifolds 48 and 56 as shown attached to cylinders 46 and 31 
respectively. Each exhaust manifold is attached to four exhaust ports. 

FIG. 8 is a side view of engine 30, with one side removed, and taken through 
section 8-8 of FIG. 7. Transitions arm 60 is mounted on support 70 by pin 72 which 
allows transition arm to move up and down (as viewed in FIG. 8) and pin 71 which 
allows transition arm 60 to move from side to side. Since transition arm 60 can move 
up and down while moving side to side, then shaft 61 can drive flywheel 69 in a 
circular path. The four connecting piston arms (piston arms 54b and 54d shown in 
FIG. 8) are driven by the four double end pistons in an oscillator motion around pin 
71. The end of shaft 61 in flywheel 69 causes transition arm to move up and down as - 
the connection arms move back and forth. Flywheel 69 has gear teeth 69a around one 
side which may be used for turning the flywheel with a starter motor 100 (FIG. 1 1) to 
start the engine. 
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The rotation of flywheel 69 and drive shaft 68 connected thereto, turns gear 65 
which in turn turns gears 64 and 66. Gear 64 is attached to shaft 63 which turns 
pulley 50a. Pulley 50a is attached to belt 51. Belt 51 turns pulley 50b and gears 39 
and 40 (FIG. 7). Cam shaft 75 has cams 88-91 on one end and cams 84-87 on the 
other end. Cams 88 and 90 actuate push rods 76 and 77, respectively. Cams 89 and 
91 actuate push rods 93 and 94, respectively. Cams 84 and 86 actuate push rods 95 
and 96, respectively, and cams 85 and 87 actuate push rods 78 and 79, respectively. 
Push rods 77, 76, 93, 94, 95, 96 and 78, 79 are for opening and closing the intake and 
exhaust valves of the cylinders above the pistons. The left side of the engine, which 
has been cutaway, contains an identical, but opposite valve drive mechanism. 

Gear 66 turned by gear 65 on drive shaft 68 turns pump 67, which may be, for 
example, a water pump used in the engine cooling system (not illustrated), or an oil 
pump. 

FIGTSRs a rear view of engine 30^howing the relative positions of the 
cylinders and double ended pistons. Piston 32, 33 is shown in dashed lines with 
valves 35c and 35d located under lifter arms 35a and 35b, respectively. Belt 51 and 
pulley 50b are shown under distributor 38. Transition arm 60 and two, 54c and 54d, 
of the four piston arms 54a, 54b, 54c and 54d are shown in the pistons 32-33, 32a- 
33a, 47-49 and 47a-49a. 

FIG. 10 is a side view of engine 30 showing the exhaust manifold 56, intake 
manifold 56a and carburetor 56c. Pulleys 50a and 50b with timing belt 51 are also 
shown. 

FIG. 1 1 is a front end view of engine 30 showing the relative positions of the 
cylinders and double ended pistons 32-33, 32a-33a, 47-49 and 47a-49a with the four 
piston arms 54a, 54b, 54c and 54d positioned in the pistons. Pump 67 is shown below 
shaft 53, and pulley 50a and timing belt 51 are shown at the top of engine 30. Starter 
100 is shown with gear 101 engaging the gear teeth 69a on flywheel 69. 
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A feature of the invention is that the compression ratio for the engine can be 
changed while the engine is running. The end of arm 61 mounted in flywheel 69 
travels in a circle at the point where aim 61 enters flywheel 69. Referring to FIG. 13, 
the end of arm 61 is in a sleeve bearing ball bushing assembly 81. The stroke of the 
pistons is controlled by arm 61. Arm 61 forms an angle, for example about 15°, with 
shaft 53. By moving flywheel 69 on shaft 53 to the right or left, as viewed in FIG. 13, 
the angle of arm 61 can be changed, changing the stroke of the pistons, changing the 
compression ratio. The position of flywheel 69 is changed by turning nut 104 on 
threads 105. Nut 104 is keyed to shaft 53 by thrust bearing 106a held in place by ring 
106b. In the position shown in FIG. 12, flywheel 69 has been moved to the right, 
extending the stroke of the pistons. 

FIG. 12 shows flywheel moved to the right increasing the stroke of the 
pistons, providing a higher compression ratio. Nut 105 has been screwed to the right, 

^ov-ing-shaft-53-andjgL^^ extends further into bushin g 

assembly 80 and out the back of flywheel 69. 

FIG. 13 shows flywheel moved to the left reducing the stroke of die pistons, 
providing a lower compression ratio. Nut 105 has been screwed to the left, moving 
shaft 53 and flywheel 69 to the left. Arm 61 extends less into bushing assembly 80. 

The piston arms on the transition arm are inserted into sleeve bearings in a 
bushing in piston. FIG. 14 shows a double piston 110 having piston rings 1 1 1 on one 
end of the double piston and piston rings 1 12 on the other end of the double piston. A 
slot 1 13 is in the side of the piston. The location the sleeve bearing is shown at 1 14. 

FIG. 15 shows a piston arm 116 extending into piston 110 through slot 116 
into sleeve bearing 1 17 in bushing 115. Piston arm 116 is shown in a second position 
at 1 16a. The two pistons arms 116 and 1 16a show the movement limits of piston arm 
116 during operation of the engine. 
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FIG. 16 shows piston arm 1 16 in sleeve bearing 117. Sleeve bearing 1 17 is in 
pivot pin 115. Piston arm 116 can freely rotate in sleeve bearing 117 and the 
assembly of piston arm 1 16. Sleeve bearing 1 17 and pivot pin 115 and sleeve 
bearings 118a and 1 1 8b rotate in piston 110, and piston arm 116 can be moved axially 
5 with the axis of sleeve bearing 1 17 to allow for the linear motion of double ended 
piston 110, and the motion of a transition arm to which piston arm 1 16 is attached. 

FIG. 17 shows how the four cylinder engine 10 in FIG. 1 may be configured 
as an air motor using a four way rotary valve 123 on the output shaft 122. Each of 
cylinders 1, 2, 3 and 4 are connected by hoses 131. 132, 133, and 144, respectively, to 
rotary valve 123. Air inlet port 124 is used to supply air to run engine 120. Air is 
sequentially supplied to each of the pistons la, 2a, 3a and 4a, to move the pistons 
back and forth in the cylinders. Air is exhausted from the cylinders out exhaust port 
136. Transition arm 126, attached to the pistons by connecting pins 127 and 128 are 
moved as descri bed with references to F IGS. 1-6 to tur n flywheel 129 and output 
shaft 22. 

FIG. 18 is a cross-sectional view of rotary valve 123 in the position when 
pressurized air or gas is being applied to cylinder 1 through inlet port 124, annular 
channel 125, channel 126, channel 130, and air hose 131. Rotary valve 123 is made 
up of a plurality of channels in housing 123 and output shaft 122. The pressurized air 
20 entering cylinder 1 causes piston la, 3a to move to the right (as viewed in FIG. 18). 
Exhaust air is forced out of cylinder 3 through line 133 into chamber 134, through 
passageway 135 and out exhaust outlet 136. 

FIGS. 18a, 18b and ISc are cross-sectional view of valve 23 showing the air 
passages of the valves at three positions along valve 23 when positioned as shown in 
25 FIG. 18. 

FIG. 19 shows rotary valve 123 rotated 180° when pressurized air is applied to 
cylinder 3, reversing the direction of piston la, 3 a. Pressurized air is applied to inlet 
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port 124, through annular chamber 125, passage way 126, chamber 134 and air line 
133 to cylinder 3. This in turn causes air in cylinder 1 to be exhausted through line 
131, chamber 130, line 135, annular chamber 137 and out exhaust port 136. Shaft 
122 will have rotated 360° turning counter clockwise when piston la, 3a complete it 
stroke to the left. 

Only piston la,3a have been illustrated to show the operation of the air engine 
and valve 123 relative to the piston motion. The operation of piston 2a,4a is identical 
in function except that its 360° cycle starts at 90° shaft rotation and reverses at 270° 
and completes its cycle back at 90°. A power stroke occurs at every 90° of rotation. 

FIGS. 19a, 19b and 19c are cross-sectional views of valve 123 showing the air 
passages of the valves at three positions along valve 123 when positioned as shown in 
FIG. 19. 

The princi ple of o peration which operates the air engine of FIG. 17 can be 

reversed, and engine 120 of FIG. 17 can be used as an air or gas compressor or pump. 
By rotating engine 10 clockwise by applying rotary power to shaft 122, exhaust port 
136 will draw in air into the cylinders and port 124 will supply air which may be used 
to drive, for example air tool, or be stored in an air tank. 

In the above embodiments, the cylinders have been illustrated as being parallel 
to each other. However, the cylinders need not be parallel. FIG. 20 shows an 
embodiment similar to the embodiment of FIG. 1-6, with cylinders 150 and 151 not 
parallel to each other. Universal joint 160 permits the piston arms 152 and 153 to be 
at an angle other than 90° to the drive ami 154. Even with the cylinders not parallel to 
each other the engines are functionally the same. 

Still another modification may be made to the engine 10 of FIGS. 1-6. This 
embodiment, pictorially shown in FIG. 21, may have single ended pistons. Piston la 
and 2a are connected to universal joint 170 by drive arms 171 and 172, and to 
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flywheel 173 by drive arm 174. The basic difference is the number of strokes of 
pistons la and 2a to rotate flywheel 173 360°. 

Referring to FIG. 22, a two cylinder piston assembly 300 includes cylinders 
302, 304, each housing a variable stroke, double ended piston 306, 308, respectively. 
5 Piston assembly 300 provides the same number of power strokes per revolution as a 
conventional four cylinder engine. Each double ended piston 306, 308 is connected to 
a transition arm 3 10 by a drive pin 3 12, 314, respectively. Transition arm 3 10 is 
mounted to a support 316 by, e.g., a universal joint 318 (XT-joint), constant velocity 
joint, or spherical bearing. A drive arm 320 extending from transition arm 310 is 
10 connected to a rotatable member, e.g., flywheel 322. 

Transition arm 310 transmits linear motion of pistons 306, 308 to rotary 
motion of flywheel 322. The axis, A, of flywheel 322 is parallel to the axes, B and C, 
of pistons 306, 308 (though axis, A, could be off-axis as shown in FIG. 20) to form an 
axial or barrel type engine, pump, or compressor. U-jomT3T8 is centered on axis, AT" 
15 As shown in FIG. 2Sa, pistons 306, 308 are 180? apart with axes A, B and C lying 
along a common plane, D, to form a flat piston assembly. 

Referring to FIGS. 22 and 23, cylinders 302, 304 each include left and right 
cylinder halves 301a, 301b mounted to the assembly case structure 303. Double 
ended pistons 306, 308 each include two pistons 330 and 332, 330a and 332a, 

2 o respectively, joined by a central joint 334, 334a, respectively. The pistons are shown 
having equal length, though other lengths are contemplated. For example, joint 334 
can be off-center such that piston 330 is longer than piston 332. As the pistons are 
fired in sequence 330a, 332, 330, 332a, from the position shown in FIG. 22, flywheel 
322 is rotated in a clockwise direction, as viewed in the direction of arrow 333. 

25 Piston assembly 300 is a four stroke cycle engine, i.e., each piston fires once in two 
revolutions of flywheel 322. 



As the pistons move back and forth, drive pins 312, 314 must be free to rotate 
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about their common axis, E, (arrow 305), slide along axis, E, (arrow 307) as the radial 
distance to the center line, B, of the piston changes with the angle of swing, a, of 
transition arm 310 (approximately ±15° swing), and pivot about centers, F, (arrow 
309). Joint 334 is constructed to provide this freedom of motion. 

5 Joint 334 defines a slot 340 (FIG. 23a) for receiving drive pin 312, and a hole 

336 perpendicular to slot 340 housing a sleeve bearing 338. A cylinder 341 is 
positioned within sleeve bearing 338 for rotation within the sleeve bearing. Sleeve 
bearing 338 defines a side slot 342 shaped like slot 340 and aligned with slot 340. 
Cylinder 341 defines a through hole 344. Drive pin 312 is received within slot 342 

10 and hole 344. An additional sleeve bearing 346 is located in through hole 344 of 
cylinder 341. The combination of slots 340 and 342 and sleeve bearing 338 permit 
drive pin 312 to move along arrow 309. Sleeve bearing 346 permits drive pin 312 to 
rotate about its axis, E, and slide along its axis, E. 

If the two cylinders of the piston assembly are contigured"otHeTthan 180° 
is apart, or more than two cylinders are employed, movement of cylinder 341 in sleeve 
bearing 338 along the direction of arrow 350 allows for the additional freedom of 
motion required to prevent binding of the pistons as they undergo a figure 8 motion, 
discussed below. Slot 340 must also be sized to provide enough clearance to allow 
the figure 8 motion of the pin. 

2 o Referring to FIGS. 35-35B, an alternative embodiment of a central joint 934 

for joining pistons 330 and 332 is configured to produce zero side load on pistons 330 
and 332. Joint 934 permits the four degrees of freedom necessary to prevent binding 
of drive pin 312 as the pistons move back and forth, i.e., rotation about axis, E, (arrow 
905), pivoting about center, F, (arrow 909), and sliding movement along orthogonal 

25 axes, M (up and down in the plane of the paper in FIG. 35) and N (in and out of the 
plane of the paper in FIG. 35), while the load transmitted between joint 934 and 
pistons 330, 332 only produces a force vector which is parallel to piston axis, B 
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(which is orthogonal to axes M and N). 

Sliding movement along axis, M, accommodates the change in the radial 
distance of transition arm 310 to the center line, B, of the piston with the angle of 
swing, a, of transition arm 310. Sliding movement along axis, N, allows for the 
5 additional freedom of motion required to prevent binding of the pistons as they 

undergo the figure eight motion, discussed below. Joint 934 defines two opposed flat 
faces 937, 937a which slide in the directions of axes M and N relative to pistons 330, 
332. Faces 937, 937a define parallel planes which remain perpendicular to piston 
axis, B, during the back and forth movement of the pistons. 

10 Joint 934 includes an outer slider member 935 which defines faces 937, 937a 

for receiving the driving force from pistons 330, 332. Slider member 935 defines a 
slot 940 in a third face 945 of the slider for receiving drive pin 312, and a slot 940a in 
a fourth face 945a. Slider member 935 has an inner wall 936 defining a hole 939 
perpendicular to slot 940 and housmg a slider sleeve bearing 9387TS cross shaft 941 

is is positioned within sleeve bearing 938 for rotation within the sleeve bearing in the 
direction of arrow 909. Sleeve bearing 938 defines a side slot 942 shaped like slot 
940 and aligned with slot 940. Cross shaft 941 defines a through hole 944. Drive pin 
312 is received within slot 942 and hole 944. A sleeve bearing 946 is located in 
through hole 944 of cross shaft 941. 

20 The combination of slots 940 and 942 and sleeve bearing 938 permit drive pin 

312 to move in the direction of arrow 909. Positioned within slot 940a is a cap screw 
947 and washer 949 which attach to drive pin 312 retaining drive pin 312 against a 
step 951 defined by cross shaft 941 while permitting drive pin 312 to rotate about its 
axis, E, and preventing drive pin 312 from sliding along axis, E. As discussed above, 

25 the two addition freedoms of motion are provided by sliding of slider faces 937, 937a 
relative to pistons 330, 332 along axis, M and N. A plate 960 is placed between each 
of face 937 and piston 330 and face 937a and piston 332. Each plate 960 is formed of 



- 20 - 



WO 2003/100231 PCT/US2003/0 16633 



a low friction bearing material with a bearing surface 962 in contact with faces 93?, 
937a, respectively. Faces 937, 937a are polished. 

As shown in FIG. 36, the load, P L , applied to joint 934 by piston 330 in the 
direction of piston axis, B, is resolved into two perpendicular loads acting on pin 312: 
5 axial load, A L , along the axis, E, of drive pin 3 12, and normal load, N L , perpendicular 
to drive pin axis, E. The axial load is applied to thrust bearings 950, 952, and the 
normal load is applied to sleeve bearing 946. The net direction of the forces 
transmitted between pistons 330, 332 and joint 934 remains along piston axis, B, 
preventing side loads being applied to pistons 330, 332. This is advantageous because 
10 side loads on pistons 330, 332 can cause the pistons to contact the cylinder wall 
creating frictional losses proportional to the side load values. 

Pistons 330, 332 are mounted to joint 934 by a center piece connector 970. 

Center piece 970 includes threaded ends 972, 974 for receiving threaded ends 330a 
— and 332a of the pistons, respectively. Center piece 970 defines a cavity 975 for 
is receiving joint 934. A gap 976 is provided between joint 934 and center piece 970 to 

permit motion along axis, N. 

For an engine capable of producing, e.g., about 100 horsepower, joint 934 has 
a width, W, of, e.g., about 3 5/16 inches, a length, Li, of, e.g., 3 5/16 inches, and a 
height, H, of, e.g., about 3 1/2 inches. The joint and piston ends together have an 
20 overall length, L 2 , of, e.g., about 9 5/16 inches, and a diameter, Di, of, e.g., about 4 
inches. Plates 960 have a diameter, D 2 , of, e.g., about 3 1/4 inch, and a thickness, T, 
of, e.g., about 1/8 inch. Plates 960 are press fit into the pistons. Plates 960 are 
preferably bronze, and slider 935 is preferably steel or aluminum with a steel surface 
defining faces 937, 937a. 

25 Joint 934 need not be used to join two pistons. One of pistons 330, 332 can be 

replaced by a rod guided in a bushing. 
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Where figure eight motion is not required or is allowed by motion of drive pin 
312 within cross shaft 941, joint 934 need not slide in the direction of axis, N. 
Referring to FIG. 37, slider member 935a and plates 960a have curved surfaces 
permitting slider member 935a to slide in the direction of axis, M, (in and out of the 
5 paper in Fig. 37) while preventing slider member 935a to move along axis, N. 

Referring to FIGS. 56-56F, a piston joint 2300 includes a housing 2302, an 
outer member 2304 having first and second parts 2304a, 2304b, and an inner 
cylindrical member 2306. Housing 2302 includes extensions 2308 and a rectangular 
shaped enclosure 2310. In FIG. 56, one extension 2308 includes a mount 2308a to 

10 which a piston or plunger (not shown) is coupled, with the opposite extension 2308 
acting as guide rods. In FIG. 5 6 A, both extensions 2308 are shown with mounts 
2308a to which a double-ended piston or plunger is coupled. Enclosure 23 10 defines 
a rectangular shaped opening 2312 (FIG. 56C) in which outer member 2304 and inner 
member 2306 are positioned. Openin g 23 12 is defined by four fl at inner wal ls 23 1 2a, 

15 2312b, 2312c, 2312d of enclosure 2310. 

Referring particularly to FIGS. 56C and 56D, parts 2304a, 2304b each have a 
flat outer, end wall 23 14, defining a plane perpendicular to an axis, X, defined by 
mounts 2308, two parallel flat sides 2316, and two curved side walls 23 18. Parts 
2304a, 2304b also have an inner end wall 2320 with a concave cut-out 2322. When 

2 o assembled, concave cut-outs 2322 define an opening 2322a (FIG. 56A) between parts 
2304a, 2304b for receiving inner member 2306. Inner end wall 2320 also defines 
two, sloped concave cut-outs 2324 perpendicular to cut-outs 2322 and positioned 
between sloped edges 2326, for purposes described below. Parts 2304a, 2304b are 
sized relative to opening 2312 to be free to slide along an axis, Y, perpendicular to 

25 axis, X, (arrow A), but are restricted by walls 2312a, 2312b from sliding along an 
axis, Z, perpendicular to axes, X and Y (arrow B). 
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Inner member 2306 defines a through hole 2330 for receiving a transition arm 
drive aim 2332. Inner member 2306 is shorter in the Z direction than opening 2312 in 
housing 2302 such that inner member 2306 can slide within opening 23 12 along axis, 
Z, (arrow B). Located between drive arm 2332 and inner member 2306 is a sleeve 
5 bearing 2334 which facilitates rotation of drive arm 2332 relative to inner member 
2306 about axis, Y, arrow (D) (Fig. 56D). Drive arm 2332 is coupled to inner 
member 2306 by a threaded stud 2338, washer 2340, nut 2342, and thrust washers 
2344 and 2346. Stud 2338 is received within a threaded hole 2339 in arm 2332. 
Inner member 2306 is countersunk at 2306a to receive washer 2346. Thrust washer 
10 2346 includes a tab 2348 received in a notch (not shown) in inner member 2306 to 
prevent rotation of thrust washer 2346 relative to inner member 2306. Thrust washer 
2344 is formed, e.g., of steel, with a polished surface facing thrust washer 2346. 
Thrust washer 2346 has, e.g., a Teflon surface facing thrust washer 2344 to provide 
low friction between washers 2344 and 2346, and a copper backing. An additional 
thrust washer 2350, formed, e.g:, of bronze, is positioned between inner member 2306 
and the transition arm. 

Piston joint 2300 includes an oil path 2336 (FIG. 56A) for flow of lubrication. 
Arm 2332, inner member 2306, outer member parts 2304a and 2304b, and bearing 
2334 include through holes 2352 that define oil path 2336. Alternatively, bearing 
20 2334 can be formed from two rings with a gap between the rings for flow of oil. 

In operation, outer member 2304 and inner member 2306 slide together 
relative to housing 2302 along axis, Y, (arrow A), inner member 2306 slides relative 
to outer member 2304 along axis, Z, (arrow B), inner member 2306 rotates relative to 
outer member 2304 about axis, Z, (arrow C), and drive arm 2332 rotates relative to 
25 inner member 2306 about axis, Y, (arrow D). Load is transferred between outer 

member 2304 and housing 2302 along vectors parallel to axis, X, by flat sides 2314 of 
outer member 2304 and flat walls 2312c and 2312d of housing 2302, thus limiting the 
transfer of any side loads to the pistons. 
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Depending on the layout and number of cylinders, motion of drive arm 2332 
can also cause inner member 2306 to rotate about axis, X. For example, in a three 
cylinder pump, with the top cylinder in line with the U-joint fixed axis, and the 
second and third cylinders spaced 120 degrees, the drive arms for the second and third 
5 cylinders undergo a twisting motion which is part of the figure 8 motion describe 
above. This motion causes rotation of inner member 2306 of the respective joints 
about axis, X. This twisting motion is taking place at twice the rpm frequency. 
Unless further steps are taken, housing 2302 and the pistons would also twist about 
axis, X, at twice the rpm frequency. Inner member 2306 of the joint for the top piston 
10 does not undergo twist about axis, X, because its drive pin is confined to motion in a 
straight line by the U-joint. 

In the piston joint of FIG. 35, outer member 935 is free to rotate about axis, B 
(corresponding to axis, X of FIG. 56), thus the twisting motion of the drive arm is not 

transferred to the p i stons. In the piston jo int of FIG. 56, since outer member 2304 i s 

15 restrained from moving in the direction of axis, Z, curved side walls 2318 of parts 
2304a, 2304b are provided for accommodating the motion about axis, X. Referring 
particularly to FIGS. 56E and 56F, walls 2318 are radiused over an angle, a, of about 
±2°, that blends into a tangent plane at the same 2° angle on both sides of a center 
line, L. This provides another degree of freedom enabling parts 2304a, 2304b to 
20 rotate within opening 2312 about axis, X, in response to motion of inner member 
2306 about axis, X, without transferring this motion to housing 2302. Since inner 
member 2306 of the joint for the top piston does not undergo this motion, side walls 
2318 of outer member 2304 of this joint preferably have flat sides that allow no 
angular movement, which controls the angle of the pistons in the top cylinder. 

25 To maintain control of the angular position of the remaining pistons, it is 

preferable that curved side walls 2318 have radiused sections which extend the 
minimum amount necessary to limit transfer of the motion about axis, X, to housing 
2302. Outer member 2304 acts to nudge the piston to a set angle on the first 
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revolution of the engine or pump. If the piston deviates from that angle, the piston is 
forced back by the action of outer member 2304 at the end of travel of the piston. The 
contact between curved walls 2318 and side walls 2312a, 2312b of housing 2302 is a 
line contact, but this contact has no work to do in normal use, and the contact line 
5 moves on both parts, distributing any wear taking place. 

Referring to FIGS. 24 and 24a, U-joint 318 defines a central pivot 352 (drive 
pin axis, E, passes through center 352), and includes a vertical pin 354 and a 
horizontal pin 356. Transition arm 310 is capable of pivoting about pin 354 along 
arrow 358, and about pin 356 along arrow 360. 

io Referring to FIGS. 25, 25a and 25b, as an alternative to a spherical bearing, to 

couple transition arm 310 to flywheel 322, drive arm 320 is received within a 
cylindrical pivot pin 370 mounted to the flywheel offset radially from the center 372 
of the flywheel by an amount, e.g., 2.125 inches, required to produce the desired 
swing angle, a (FIG. 22), in the transition arm. 

is Pivot pin 370 has a through hole 374 for receiving drive arm 320. There is a 

sleeve bearing 376 in hole 374 to provide a bearing surface for drive arm 320. Pivot 
pin 370 has cylindrical extensions 378, 380 positioned within sleeve bearings 382, 
384, respectively. As the flywheel is moved axially along drive arm 320 to vary the 
swing angle, a, and thus the compression ratio of the assembly, as described further 

2 o below, pivot pin 370 rotates within sleeve bearings 382, 384 to remain aligned with 
drive arm 320. Torsional forces are transmitted through thrust bearings 388, 390, 
with one or the other of the thrust bearings carrying the load depending on the 
direction of the rotation of the flywheel along arrow 386. 

Referring to FIG. 26, to vary the compression and displacement of piston 
2 5 assembly 300, the axial position of flywheel 322 along axis, A, is varied by rotating a 
shaft 400. A sprocket 410 is mounted to shaft 400 to rotate with shaft 400. A second 
sprocket 412 is connected to sprocket 410 by a roller chain 413. Sprocket 412 is 
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mounted to a threaded rotating barrel 414. Threads 416 of barrel 414 contact threads 
418 of a stationary outer barrel 420. 

Rotation of shaft 400, arrow 401, and thus sprockets 410 and 412, causes 
rotation of barrel 414. Because outer barrel 420 is fixed, the rotation of barrel 414 
causes barrel 414 to move linearly along axis, A, arrow 403. Barrel 414 is positioned 
between a collar 422 and a gear 424, both fixed to a main drive shaft 408. Drive shaft 
408 is in turn fixed to flywheel 322. Thus, movement of barrel 414 along axis, A, is 
translated to linear movement of flywheel 322 along axis, A. This results in flywheel 
322 sliding along axis, H, of drive arm 320 of transition arm 310, changing angle, p, 
and thus the stroke of the pistons. Thrust bearings 430 are located at both ends of 
barrel 414, and a sleeve bearing 432 is located between barrel 414 and shaft 408. 

To maintain the alignment of sprockets 410 and 412, shaft 400 is threaded at 
region 402 and is received within a threaded hole 404 of a cross bar 406 of assembly 
case structure 303. The ratio ot the number of teeth of sprocket 412 to sprocket 410 
is, e.g., 4:1. Therefore, shaft 400 must turn four revolutions for a single revolution of 
barrel 414. To maintain alignment, threaded region 402 must have four times the 
threads per inch of barrel threads 416, e.g., threaded region 402 has thirty-two threads 
per inch, and barrel threads 416 have eight threads per inch. 

As the flywheel moves to the right, as viewed in FIG. 26, the stroke of the 
pistons, and thus the compression ratio, is increased. Moving the flywheel to the left 
decreases the stroke and the compression ratio. A further benefit of the change in 
stroke is a change in the displacement of each piston and therefore the displacement 
of the engine. The horsepower of an internal combustion engine closely relates to the 
displacement of the engine. For example, in the two cylinder, flat engine, the 
displacement increases by about 20% when the compression ratio is raised from 6:1 to 
12:1. This produces approximately 20% more horsepower due alone to the increase 
in displacement. The increase in compression ratio also increases the horsepower at 
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the rate of about 5% per point or approximately 25% in horsepower. If the 
horsepower were maintained constant and the compression ratio increased from 6:1 to 
12:1, there would be a reduction in fuel consumption of approximately 25%. 

The flywheel has sufficient strength to withstand the large centrifugal forces 
5 seen when assembly 300 is functioning as an engine. The flywheel position, and thus 
the compression ratio of the piston assembly, can be varied while the piston assembly 
is running. 

Piston assembly 300 includes a pressure lubrication system. The pressure is 
provided by an engine driven positive displacement pump (not shown) having a 
10 pressure relief valve to prevent overpressures. Bearings 430 and 432 of drive shaft 
408 and the interface of drive arm 320 with flywheel 322 are lubricated via ports 433 
(Fig. 26). 

Referring to FIG. 27, to lubricate U-joint 318, piston pin joints 306, 308, and 

the cylinder walls, oil under pressure from the oil pump is ported through the fixed U- 

15 joint bracket to the top and bottom ends of the vertical pivot pin 354. Oil ports 450, 
452 lead from the vertical pin to openings 454, 456, respectively, in the transition 
arm. As shown in FIG. 27A, pins 312, 314 each define a through bore 458. Each 
through bore 458 is in fluid communication with a respective one of openings 454, 
456. As shown in FIG. 23, holes 460, 462 in each pin connect through slots 461 and 

20 ports 463 through sleeve bearing 338 to a chamber 465 in each piston. Several oil 
lines 464 feed out from these chambers and are connected to the skirt 466 of each 
piston to provide lubrication to the cylinders walls and the piston rings 467. Also 
leading from chamber 465 is an orifice to squirt oil directly onto the inside of the top 
of each piston for cooling. 

25 Referring to FIGS. 2S-28c, in which assembly 300 is shown configured for use 

as an aircraft engine 300a, the engine ignition includes two magnetos 600 to fire the 
piston spark plugs (not shown). Magnetos 600 and a starter 602 are driven by drive 
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gears 604 and 606 (FIG. 28c), respectively, located on a lower shaft 608 mounted 
parallel and below the main drive shaft 408. Shaft 608 extends the full length of the 
engine and is driven by gear 424 (Fig. 26) of drive shaft 408 and is geared with a one 
to one ratio to drive shaft 408. The gearing for the magnetos reduces their speed to 
5 half the speed of shaft 608. Starter 602 is geared to provide sufficient torque to start 
the engine. 

Camshafts 610 operate piston push rods 612 through lifters 613. Camshafts 
610 are geared down 2 to 1 through bevel gears 614, 616 also driven from shaft 608. 
Center 617 of gears 614, 616 is preferably aligned with U-joint center 352 such that 
10 the camshafts are centered in the piston cylinders, though other configurations are 

contemplated. A single carburetor 620 is located under the center of the engine with 
four induction pipes 622 routed to each of the four cylinder intake valves (not shown). 
The cylinder exhaust valves (not shown) exhaust into two manifolds 624. 

Engine 300a has a length, L, e.g., ot about forty inches, a widtKTW, e.g., of 
is about twenty-one inches, and a height, H, e.g., of about twenty inches, (excluding 
support 303). 

Referring to FIGS. 29 and 29a, a variable compression compressor or pump 
having zero stroke capability is illustrated. Here, flywheel 322 is replaced by a 
rotating assembly 500. Assembly 500 includes a hollow shaft 502 and a pivot arm 

20 504 pivotally connected by a pin 506 to a hub 508 of shaft 502. Hub 508 defines a 
hole 510 and pivot arm 504 defines a hole 512 for receiving pin 506. A control rod 
514 is located within shaft 502. Control rod 514 includes a link 516 pivotally 
connected to the remainder of rod 5 14 by a pin 518. Rod 514 defines a hole 511 and 
link 516 defines a hole 513 for receiving pin 518. Control rod 514 is supported for 

25 movement along its axis, Z, by two sleeve bearings 520. Link 516 and pivot arm 514 
are connected by a pin 522. Link 516 defines a hole 523 and pivot arm 514 defines a 
hole 524 for receiving pin 522. 



- 28 - 



WO 2003/100231 PCT/US2003/0 16633 



Cylindrical pivot pin 370 of FIG. 25 which receives drive arm 320 is 
positioned within pivot arm 504. Pivot arm 504 defines holes 526 for receiving 
cylindrical extensions 378, 380. Shaft 502 is supported for rotation by bearings 530, 
e.g., ball, sleeve, or roller bearings. A drive, e.g., pulley 532 or gears, mounted to 
5 shaft 502 drives the compressor or pump. 

In operation, to set the desired stroke of the pistons, control rod 514 is moved 
along its axis, M, in the direction of arrow 515, causing pivot ami 504 to pivot about 
pin 506, along arrow 517, such that pivot pin 370 axis, N, is moved out of alignment 
with axis, M, (as shown in dashed lines) as pivot arm 504 slides along the axis, H, 
10 (FIG. 26) of the transition arm drive arm 320. When zero stroke of the pistons is 
desired, axes M and N are aligned such that rotation of shaft 514 does not cause 
movement of the pistons. This configuration works for both double ended and single 
sided pistons. 

The ability to vary the piston stroke permits shaft~5 "RTobe run at"a~single 
is speed by drive 532 while the output of the pump or compressor can be continually 

varied as needed. When no output is needed, pivot arm 504 simply spins around drive 
arm 320 of transition arm 310 with zero swing of the drive arm. When output is 
needed, shaft 5 14 is already running at full speed so that when pivot arm 504 is pulled 
off-axis by control rod 5 14, an immediate stroke is produced with no lag coming up to 
2 o speed. There are therefore much lower stress loads on the drive system as there are 
no start/stop actions. The ability to quickly reduce the stroke to zero provides 
protection from damage especially in liquid pumping when a downstream blockage 
occurs. 

An alternative method of varying the compression and displacement of the 
25 pistons is shown in FIG. 33. The mechanism provides for varying of the position of a 
counterweight attached to the flywheel to maintain system balance as the stroke of the 
pistons is varied. 
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A flywheel 722 is pivotally mounted to an extension 706 of a main drive shaft 
708 by a pin 712. By pivoting flywheel 722 in the direction of arrow, Z, flywheel 722 
slides along axis, H, of a drive arm 720 of transition arm 710, changing angle, p (Fig. 
26), and thus the stroke of the pistons. Pivoting flywheel 722 also causes a 
counterweight 714 to move closer to or further from axis, A, thus maintaining near 
rotational balance. 

To pivot flywheel 722, an axially and rotationally movable pressure plate 820 
is provided. Pressure plate 820 is in contact with a roller 822 rotationally mounted to 
counterweight 714 through a pin 824 and bearing 826. From the position shown in 
FIG. 33, a servo motor or hand knob 830 turns a screw 832 which advances to move 
pressure plate 820 in the direction of arrow, Y. This motion of pressure plate 820 
causes flywheel 722 to pivot in the direction of arrow, Z, as shown in the FIG. 34, to 
decrease the stroke of the pistons. Moving pressure plate 820 by 0.75" decreases the 
compr es sion ratio from about 12:1 to about 6:1. 

Pressure plate 820 is supported by three or more screws 832. Each screw has 
a gear head 840 which interfaces with a gear 842 on pressure plate 820 such that 
rotation of screw 832 causes rotation of pressure plate 820 and thus rotation of the 
remaining screws to insure that the pressure plate is adequately supported. To ensure 
contact between roller 822 and pressure plate 820, a piston S50 is provided which 
biases flywheel 722 in the direction opposite to arrow, Z. 

Referring to FIG. 30, if two cylinders not spaced 180° apart (as viewed from 
the end) or more than two cylinders are employed in piston assembly 300, the ends of 
pins 312, 314 coupled to joints 306, 308 will undergo a figure 8 motion. FIG. 30 
shows the figure 8 motion of a piston assembly having four double ended pistons. 
Two of the pistons are arranged flat as shown in FIG. 22 (and do not undergo the 
figure 8 motion), and the other two pistons are arranged equally spaced between the 
flat pistons (and are thus positioned to undergo the largest figure 8 deviation 



• 



WO 2003/100231 PCTAJS2003/0 16633 



possible). The amount that the pins connected to the second set of pistons deviate 
from a straight line (y axis of FIG. 30) is determined by the swing angle (mast angle) 
of the drive arm and the distance the pin is from the central pivot point 352 (x axis of 
FIG. 30). 

5 In a four cylinder version where the pins through the piston pivot assembly of 

each of the four double ended pistons are set at 45° from the axis of the central pivot, 
the figure eight motion is equal at each piston pin. Movement in the piston pivot 
bushing is provided where the figure eight motion occurs to prevent binding. 

When piston assembly 300 is configured for use, e.g., as a diesel engines, 
l o extra support can be provided at the attachment of pins 3 1 2, 3 1 4 to transition arm 310 
to account for the higher compression of diesel engines as compared to spark ignition 
engines. Referring to FIG. 31, support 550 is bolted to transition arm 310 with bolts 
551 and includes an opening 552 for receiving end 554 of the pin. 

Engines according to the invention can be used to directly apply combustion 
is pressures to pump pistons. Referring to FIGS. 32 and 32a, a four cylinder, two stroke 
cycle engine 600 (each of the four pistons 602 fires once in one revolution) applies 
combustion pressure to each of four pump pistons 604. Each pump piston 604 is 
attached to the output side 606 of a corresponding piston cylinder 608. Pump pistons 
604 extend into a pump head 610. 

20 A transition arm 620 is connected to each cylinder 60S and to a flywheel 622, 

as described above. An auxiliary output shaft 624 is connected to flywheel 622 to 
rotate with the flywheel, also as described above. 

The engine is a two stroke cycle engine because every stroke of a piston 602 
(as piston 602 travels to the right as viewed in FIG. 32) must be a power stroke. The 
25 number of engine cylinders is selected as required by the pump. The pump can be a 
fluid or gas pump. In use as a multi-stage air compressor, each pump piston 606 can 
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be a different diameter. No bearing loads are generated by the pumping function (for 
single acting pump compressor cylinders), and therefore, no friction is introduced 
other than that generated by the pump pistons themselves. 

Referring to FIGS. 38-38B, an engine 1010 having vibration canceling 
characteristics and being particularly suited for use in gas compression includes two 
assemblies 1012, 1014 mounted back-to-back and 180° out of phase. Engine 1010 
includes a central engine section 1016 and outer compressor sections 1018, 1020. 
Engine section 1016 includes, e.g., six double acting cylinders 1022, each housing a 
pair of piston 1024, 1026. A power stroke occurs when a center section 1028 of 
cylinder 1022 is fired, moving pistons 1024, 1026 away from each other. The 
opposed movement of the pistons results in vibration canceling. 

Outer compression section 1018 includes two compressor cylinders 1030 and 
outer compression section 1020 includes two compressor cylinders 1032, though there 
coulcTbe "up to six compressor cylinders in each compression section. Compression 
cylinders 1030 each house a compression piston 1034 mounted to one of pistons 1024 
by a rod 1036, and compression cylinders 1032 each house a compression piston 1038 
mounted to one of pistons 1026 by a rod 1040. Compression cylinders 1030, 1032 are 
mounted to opposite piston pairs such that the forces cancel minimizing vibration 
forces which would otherwise be transmitted into mounting 1041. 

Pistons 1024 are coupled by a transition arm 1042, and pistons 1026 are 
coupled by a transition arm 1044, as described above. Transition aim 1042 includes a 
drive arm 1046 extending into a flywheel 1048, and transition arm 1044 includes a 
drive arm 1050 extending into a flywheel 1052, as described above. Flywheel 1048 is 
joined to flywheel 1052 by a coupling arm 1054 to rotate in synchronization 
therewith. Flywheels 1048, 1052 are mounted on bearings 1056. Flywheel 1048 
includes a bevel gear 1058 which drives a shaft 1060 for the engine starter, oil pump 
and distributor for ignition, not shown. 
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20 



Engine 1010 is, e.g., a two stroke natural gas engine having ports (not shown) 
in central section 1028 of cylinders 1022 and a turbocharger (not shown) which 
provides intake air under pressure for purging cylinders 1022. Alternatively, engine 
1010 is gasoline or diesel powered. 

The stroke of pistons 1024, 1026 can be varied by moving both flywheels 
1048, 1052 such that the stroke of the engine pistons and the compressor pistons are 
adjusted equally reducing or increasing the engine power as the pumping power 
requirement reduces or increases, respectively. 

The vibration canceling characteristics of the back-to-back relationship of 
assemblies 1012, 1014 can be advantageously employed in a compressor only system 
and an engine only system. 

Counterweights can be employed to limit vibration of the piston assembly. 

Referrin g to FIG. 39, an en g ine 1 100 includes counterwei g hts 1114 and 1116. 

Counterweight 1 1 14 is mounted to rotate with a rotatable member 1 108, e.g., a 
flywheel, connected to drive arm 320 extending from transition arm 310. 
Counterweight 1 1 16 is mounted to lower shaft 608 to rotate with shaft 608. 

Movement of the double ended pistons 306, 308 is translated by transition arm 
310 into rotary motion of member 1 108 and counterweight 1 1 14. The rotation of 
member 1 108 causes main drive shaft 408 to rotate. Mounted to shaft 408 is a first 
gear 1110 which rotates with shaft 408. Mounted to lower shaft 608 is a second gear 
1112 driven by gear 1 1 10 to rotate at the same speed as gear 1110 and in the opposite 
direction to the direction of rotation of gear 1110. The rotation of gear 1112 causes 
rotation of shaft 608 and thus rotation of counterweight 1116. 

As viewed from the left in FIG. 39, counterweight 1114 rotates clockwise 
(arrow 1118) and counterweight 1116 rotates counterclockwise (arrow 1 120). 
Counterweights 1 1 14 and 1 1 16 are mounted 180 degrees out of phase such that when 
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counterweight 1 1 14 is above shaft 408, counterweight 1 1 16 is below shaft 60S. A 
quarter turn results in both counterweights 1114, 1116 being to the right of their 
respective shafts (see FIG. 40). After another quarter turn, counterweight 1 1 14 is 
below shaft 408 and counterweight 1 1 16 is above shaft 608. Another quarter turn and 
5 both counterweights are to the left of their respective shafts. 

Referring to FIG. 40, movement of pistons 306, 308 along the Y axis, in the 
plane of the XY axes, creates a moment about the Z axis, Mzy. When counterweights 
1114, 1116 are positioned as shown in FIG. 40, the centrifugal forces due to their 
rotation creates forces, F x i and F^, respectively, parallel to the X axis. These forces 
10 act together to create a moment about the Z axis, Mzx. The weight of counterweights 
1114, 1 1 16 is selected such that substantially cancels M^. 

When pistons 306, 308 are centered on the X axis (FIG. 39) there are no forces 
acting on pistons 306, 308, and thus no moment about the Z axis. In this position, 
counterweights 1114, 1116 are in opposite positions as shown in FIG. 39 and the 
is moments created about the X axis by the centrifugal forces on the counterweights 

cancel. The same is true after 180 degrees of rotation of shafts 408 and 608, when the 
pistons are again centered on the X axis and the counterweight 1 1 14 is below shaft 
408 and counterweight 1 1 16 is above shaft 608. 

Between the quarter positions, the moments about the X axis due to rotation of 
20 counterweights 1 1 14 and 1116 cancel, and the moments about the Z axis due to 
rotation of counterweights 1114 and 1116 add. 



In other piston configurations, for example where pistons 306, 308 do not lie 
on a common plane or where there are more than two pistons, counterweight 1 1 16 is 
25 not necessary because at no time is there no moment about the Z axis requiring the 
moment created by counterweight 1 1 14 to be cancelled. 



Counterweight 1114 also accounts for moments produced by drive arm 320. 
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One moment not accounted for in the counterbalancing technique of FIGS. 39 
and 40 a moment about axis Y, My*, produced by rotation of counterweight 1116. 
Another embodiment of a counterbalancing technique which accounts for all moments 
is shown in FIG. 41 . Here, a counterweight 1 1 14a mounted to rotating member 1 108 
5 is sized to only balance transition arm 310. Counterweights 1 130, 1132 are provided 
to counterbalance the inertial forces of double-ended pistons 306, 308. 

Counterweight 1 130 is mounted to gear 1 1 10 to rotate clockwise with gear 
1110. Counterweight 1 1 32 is driven through a pulley system 1 1 34 to rotate 
counterclockwise. Pulley system 1 134 includes a pulley 1 136 mounted to rotate with 
10 shaft 608, and a chain or timing belt 1 138. Counterweight 1 132 is mounted to shaft 
408 by a pulley 1 140 and bearing 1 142. Counterclockwise rotation of pulley 1 136 
causes counterclockwise rotation of chain or belt 1138 and counterclockwise rotation 
of counterweight 1132. 

Referring to FIG. 42, as discussed above, movement ot pistons 306, 3TJS~along 
15 the Y axis, in the plane of the XY axes, creates a moment about the Z axis, Mzy. 

When counterweights 1 130, 1 132 are positioned as shown in FIG. 42, the centrifugal 
forces due to their rotation creates forces, F^ and F x4 , respectively, in the same 
direction along the X axis. These forces act together to create a moment about the Z 
axis, Mzx- The weight of counterweights 1 130, 1 132 is selected such that M zx 
20 substantially cancels M^. 

When pistons 306, 308 are centered on the X axis (FIG. 41) there are no forces 
acting on pistons 306, 308, and thus no moment about the Z axis. In this position, 
counterweights 1 130, 1 132 are in opposite positions as shown in FIG. 41 and the 
moments created about the X axis by the centrifugal forces on the counterweights 
25 cancel. The same is true after 180 degrees of rotation of shafts 408 and 608, when the 
pistons are again centered on the X axis and the counterweight 1 130 is below shaft 
408 and counterweight 1 132 is above shaft 408. 



- 35 - 



WO 2003/100231 



PCT/US2003/01 6633 



Between the quarter positions, the moments about the X axis due to rotation of 
counterweights 1 130 and 1 132 cancel, and the moments about the Z axis due to 
rotation of counterweights 1 130 and 1 132 add. Since counterweights 1 130 and 1 132 
both rotate about the Y axis, there is no moment Myx created about axis Y. 

5 Counterweights 1 130, 1 132 are positioned close together along the Y axis to 

provide near equal moments about the Z axis. The weights of counterweights 1 130, 
1 132 can be slightly different to account for their varying location along the Y axis so 
that each counterweight generates the same moment about the center of gravity of the 
engine. 

10 Counterweights 1 130, 1 132, in addition to providing the desired moments 

about the Z axis, create undesirable lateral forces directed perpendicular to the Y-axis 
(in the direction of the X axis), which act on the U-joint or other mount supporting 
transition arm 310. When counterweights 1 130, 1 132 are positioned as shown in FIG. 
4T7tEis does not occur because the upward force, F u , andthe downward force, Fai 

is cancel. But, when counterweights 1 130, 1 132 are positioned other than as shown in 
FIG. 41 or 180° from that position, this force is applied to the mount. For example, as 
shown in FIG. 42, forces F x3 and F x4 create a side force, F s , along the X axis. One 
technique of incorporating counterbalances which provide the desired moments about 
the Z axis without creating the undesirable forces on the mount is shown in FIG. 43. 

20 Referring to FIG. 43, a second pair of counterweights 1 150, 1 152 are 

provided. Counterweights 1 130 and 1 152 are mounted to shaft 40S to rotate 
clockwise with shaft 408. Counterweights 1 132 and 1 150 are mounied to a cylinder 
1 154 surrounding shaft 408 which is driven through pulley system 1 134 to rotate 
counterclockwise. Counterweights 1130, 1152 extend from opposite sides of shaft 

25 408 (counterweight 1 130 being directed downward in Fig. 43, and counterweight 
1 152 being directed upward), and counterweights 1 132, 1 150 extend from opposite 
sides of cylinder 1154 (counterweight 1132 being directed upward, and counterweight 
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1 150 being directed downward). Counterweights 1 130, 1 150 are aligned on the same 
side of shaft 408, and counterweights 1 132, 1 152 are aligned on the opposite side of 
shaft 408. 

Referring to FIG. 44, with counterweights 1130, 1132, 1150, 1152 positioned 
as shown, the centrifugal forces due to the rotation of counterweights 1 130, 1 132 
creates forces, and F x4 , respectively, in the same direction in the X axis, and the 
centrifugal forces due to the rotation of counterweights 1150, 1152 creates forces, F x5 
and F X 6, respectively, in the opposite direction in the X axis. Since F^ and F X 4 are 
equal and opposite to F x5 and F x6 , these forces cancel such that no undesirable lateral 
forces are applied to the transition arm mount. 

In addition, as discussed above, movement of pistons 306, 308 in the direction 
of the Y axis, in the plane of the XY axes, creates a moment about the Z axis, M 2y . 
Since counterweights 1130, 1132, 1150, 1152 are substantially the same weight, and 
counterweights 1 150, 1 152 are located"Krtli^fioinThe Z axisthan counterweights" 
1 130, 1 132, the moment created by counterweights 1 150, 1 152 is larger than the 
moment created by counterweights 1 130, 1 132 such that these forces act together to 
create a moment about the Z axis, M^, which acts in the opposite direction to Mzy. 
The weight of counterweights 1 130, 1 132, 1 150, 1 152 is selected such that 
substantially cancels Mzy. 

When pistons 306, 308 are centered on the X axis (FIG. 43), there is no 
moment about the Z axis. In this position, counterweights 1 130, 1 132 are oppositely 
directed and counterweights 1150, 1152 are oppositely directed such that the moments 
created about the X axis by the centrifugal forces on the counterweights cancel. 
Likewise, the forces created perpendicular to the Y axis, F u and F d , cancel. The same 
is true after 180 degrees of rotation of shafts 408 and 608, when the pistons are again 
centered on the X axis. 

Counterweight 1 130 can be incorporated into flywheel 1 108, thus eliminating 
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one of the counterweights. 

Referring to FIG. 45, another configuration for balancing a piston engine 
having two double ended pistons 306, 308 180° apart around the Y axis includes two 
members 1 160, 1 162, which each simulate a double ended piston, and two 
counterweights 1 164, 1166. Members 1160, 1162 are 180° apart and equally spaced 
between pistons 306, 308. Counterweights 1 164, 1 166 extend from opposite sides of 
shaft 408, with counterweight 1 166 being spaced further from the Z axis than 
counterweight 1 164. Here again, counterweight 1 1 14a mounted to rotating member 
1 108 is sized to only balance transition arm 310. 

Movement of members 1 1 60, 1 162 along the Y axis, in the plane of the YZ 
axis, creates a moment about the X axis, M xy . When counterweights 1 164, 1 166 are 
positioned as shown in FIG. 45, the centrifugal forces due to the rotation of 
counterweights 1 164, 1 166 creates forces, F u and F d , respectively, in opposite 
"directions along the Z~axisT~Since counterweight 1T66 is located turther from the Z " 
axis than counterweight 1 164, the moment created by counterweight 1 166 is larger 
than the moment created by counterweight 1 164 such that these forces act together to 
create a moment about the X axis, Mxz, which acts in the opposite direction to M xy . 
The weight of counterweights 1 164, 1 166 is selected such that M^ substantially 
cancels M xy . 

In addition, since the forces, F u and Fd, are oppositely directed, these forces 
cancel such that no undesirable lateral forces are applied to the transition arm mount. 

Referring to FIG. 46, movement of pistons 306, 308 along the Y axis, in the 
plane of the XY axes, creates a moment about the Z axis, M zy . When counterweights 
1 164, 1 166 are positioned as shown in FIG. 45, the centrifugal forces due to the 
rotation of counterweights 1 164, 1 166 creates forces, F X 7 and F x8 , respectively, in 
opposite directions along the X axis. These forces act together to create a moment 
about the Z axis, Mzx, which acts in the opposite direction to Mzy. The weight of 
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counterweights 1 164, 1 166 is selected such that Mzx substantially cancels Mzy. 

In addition, since the forces perpendicular to Y axis, F X 7 and F x s, are 
oppositely directed, these forces cancel such that no undesirable lateral forces are 
applied to the transition arm mount. 

Counterweight 1 164 can be incorporated into flywheel 1 108 thus eliminating 
one of the counterweights. 

The piston engine can include any number of pistons and simulated piston 
counterweights to provide the desired balancing, e.g., a three piston engine can be 
formed by replacing one of the simulated piston counterweights in FIG. 43 with a 
piston, and a two piston engine can be formed with two pistons and one simulated 
piston counterweight equally spaced about the transition arm. 

If the compression ratio of the pistons is changed, the position of the 
counterweights along shaft 408 islidjusted to compensate for the resulting change ffi~~ 
moments. 

Another undesirable force that can be advantageously reduced or eliminated is 
a thrust load applied by transition arm 310 to flywheel 1 108 that is generated by the 
circular travel of transition arm 310. Referring to FIG. 47, the circular travel of 
transition arm 310 generates a centrifugal force, Ci, which is transmitted through nose 
pin 320 and sleeve bearing 376 to flywheel 1 108. Although counterweight 1114 
produces a centrifugal force in the direction of arrow 2010 which balances force Ci, at 
the 15° angle of nose pin 320, a lateral thrust, T, of 26% of the centrifugal force, Ci, is 
also produced. The thrust can be controlled by placing thrust bearings or tapered 
roller bearings 2040 on shaft 408. 

To reduce the load on bearings 2040, and thus increase the life of the bearings, 
as shown in FIG. 48, nose pin 320a is spherically shaped with flywheel 1 108a 
defining a spherical opening 2012 for receiving the spherical nose pin 320a. Because 
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of the spherical shapes, no lateral thrust is produced by the centrifugal force, Ci . 

FIG. 49 shows another method of preventing the application of a thrust load to 
the transition arm. Here, a counterbalance element 2014, rather than being an integral 
component of the flywheel 1 108b, is attached to the flywheel by bolts 2016. The 
nose pin 320b includes a spherical portion 2018 and a cylindrical portion 2020. 
Counterbalance element 2014 defines a spherical opening 2022 for receiving spherical 
portion 2018 of nose pin 320b. Cylindrical portion 2020 of nose pin 320b is received 
within a sleeve bearing 2024 in a cylindrical opening 2026 defined by flywheel 
1 108b. Because of the spherical shapes, no lateral thrust is produced by the 
centrifugal force, Ci. 

Counterbalance element 2014 is not rigidly held to flywheel 1 108b so that 
there is no restraint to the full force of the counterweight being applied to the 
spherical joint to cancel the centrifugal force created by the circular travel of 
transition arm 310. For example, a clearance space 2030 is provided in the screw 
holes 2032 defined in counterbalance element 2014 for receiving bolts 2016. 

One advantage of this embodiment over that of FIG. 48 is that the life 
expectancy of a cylindrical joint with a sleeve bearing coupling the transition arm to 
the flywheel is longer than that of the spherical joint of FIG. 48 coupling the transition 
arm to the flywheel. 

Referring to FIG. 50, a hydraulic pump 2110 includes a stationary housing 
2112 defining a chamber 2114, and a rotating drum or cylinder 2116 located within 
chamber 2114. Cylinder 2116 includes first and second halves 21 16a, 21 16b defining 
a plurality of piston cavities 21 17. Each cavity 21 17 is formed by a pair of aligned 
channels 21 18, 2120 joined by an enlarged region 2122 defined between cylinder 
halves 21 16a, 21 16b. Located within each cavity 21 17 is a double ended piston 2124, 
here six pistons being shown, though fewer or more pistons can be employed 
depending upon the application. Each double ended piston is mounted to a transition 
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arm 2126 by a joint 2128, as described above. Transition arm 2126 is supported on a 
universal joint 2130 mounted to cylinder 2116 such that pistons 2124 and transition 
arm 2126 rotate with cylinder 2116. 

The angle, y, of transition arm 2126 relative to longitudinal axis, A, of pump 
5 2 1 1 0 is adjustable to reduce or increase the output from pump 2110. Pump 2110 
includes an adjustment mechanism 2140 for adjusting and setting angle, y. 
Adjustment mechanism 2140 includes an arm 2142 mounted to a stationary support 
2144 to pivot about a point 2146. An end 2148 of arm 2142 is coupled to a first end 
2152 of a control rod 2i50 by a pin 2154. Ann 2142 defines an elongated hole 2155 

10 which receives pin 2154 and allows for radial movement of arm 2142 relative to 
control rod 2150 when arm 2142 is rotated about pivot point 2146. A second end 
2156 of rod 2150 has laterally facing gear teeth 2158. Gear teeth 2158 mate with gear 
teeth 2160 on a link 2162 mounted to pivot about a point 2164. An end 2166 of link 
21 62 i s coupled to transition arm 2126 at a pivot joint 2168. Transition arm nose p in 

is 2126a is supported by a cylindrical pivot pin 370 (not shown) and sleeve bearing 376 
(not shown), as described above with reference to FIGS. 25-25b, such that transition 
ami 2126 is free to rotate relative to adjustment mechanism 2140. 

Angle, y, is adjusted as follows. Arm 2142 is rotated about pivot point 2146 
(aiTOW, B). This results in linear movement of rod 2150 (arrow, C). Because of the 
2 o mating of gear teeth 2158 and 2 1 60, the linear movement of rod 2150 causes link 
21 62 to rotate about pivot point 2164 (arrow, D), thus changing angle, 7. After the 
desired angle has been obtained, the angle is set by fixing arm 2142 using an actuator 
(not shown) connected to end 2142a of arm 2142. 

Due to the fixed angle of transition arm 2126 (after adjustment to the desired 
25 angle), and the coupling of transition arm 2126 to pistons 2124, as the transition arm 
rotates, pistons 2124 reciprocate within cavities 2117. One rotation of cylinder 2116 
causes each piston 2124 to complete one pump and one intake stroke. 
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Referring also to FIG. 51, pump 2110 includes a face valve 2170 which 
controls the flow of fluid, e.g., pressurized hydraulic oil, in pump 2110. On the intake 
strokes, fluid is delivered to channels 2118 and 2120 through an inlet 2172 in face 
valve 2170. Inlet 2172 is in fluid communication with an inlet port 2174. Inlet port 
2174 includes a first section 2174a that delivers fluid to channels 2120, and a second 
section 2174b that delivers fluid to channels 2118. First section 2174a is located 
radially outward of second section 2174b. On the pump strokes, fluid is expelled 
from channels 2118 and 2120 through an outlet 2176 in face valve 2170. Outlet 2176 
is in fluid communication with an outlet port 2178. Outlet port 2178 includes a first 
section 2178a via which fluid expelled from channels 2120 is delivered to outlet 2176, 
and a second section 2178b via which fluid expelled from channels 21 18 is delivered 
to outlet 2176. First section 2178a is located radially outward of second section 



R eferring also to FIG. 52, cylinder 2116 defines six flow channels 2180 

through which fluid travels to and from channels 2120. Flow channels 2180 are 
radially aligned with port sections 2174a and 2178b; and channels 2118 are radially 
aligned with port sections 2174b and 2178b. When a first end 2124a of piston 2124 is 
on the intake stroke and a second end 2124b of piston 2124 is on the pump stroke, 
cylinder 21 16 is rotationally aligned relative to stationary face valve 2170 such that 
the respective channel 21 18 at first end 2124a of piston 2124 is aligned with inlet port 
section 2174b, and the respective flow channel 2180 leading to a respective channel 
2120 at second end 2124b of piston 2124 is aligned with outlet port section 2178a. 

Cylinder 2116 further defines six holes 2182 for receiving connecting bolts 
(not shown) that hold the two halves 21 16a, 21 16b of cylinder 2116 together. 
Cylinder 21 16 is biased toward face valve 2170 to maintain a valve seal by spring 
loading. Referring to FIG. 53, a face plate 2190 defining outer slots 2192a and inner 
slots 2192b is positioned between stationary face valve 2170 and rotating cylinder 
21 16 to act as a bearing surface. Outer slots 2192a are radially aligned with port 



2178b. 
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sections 2174a and 217Sa, and inner slots 2192b are radially aligned with port 
sections 2174b and 2178b. 

Referring to FIG. 54, a pump or compressor assembly 2210 for varying the 
stroke of pistons 2212, e.g., a pump with single ended pistons having a piston 2212a 
5 at one end and a guide rod 2212b at the opposite end, has the ability to vary the stroke 
of pistons 2212 down to zero stroke and the capability of handling torque loads as 
high as a fixed stroke mechanism. Assembly 2210 is shown with three pistons, 
though two or more pistons can be employed. Assembly 2210 includes a transition 
arm 2214 coupled to pistons 2212 by any of the methods described above. Transition 
10 arm 2214 includes a nose pin 2216 coupled to a rotatable flywheel 2218. The rotation 
of flywheel 2218 and the linear movement of pistons 2212 are coupled by transition 
arm 2214 as described above. 

The stroke of pistons 2212, and thus the output volume of assembly 2210, is 
adjusted by changing the angle, 8, of nose pin 2216 relative to assembly axis, A: 

is Angle, 8, is changed by rotating transition arm 2214, arrow, E, about axis, F, of 

support 2220, e.g., a universal joint. Flywheel 2218 defines an arced channel 2220 
housing a bearing block 2222. Bearing block 2222 is slidable within channel 2220 to 
change the angle, 8, while the cantilever length, L, remains constant and preferably as 
short as possible for carrying high loads. Within bearing block 2222 is mounted a 

2 o bearing 2224, e.g., a sleeve or rolling bearing, which receives nose pin 2216. Bearing 
block 2222 has a gear toothed surface 2226, for reasons described below. 

Referring also to FIG. 55, to slide bearing block 2222 within channel 2220, a 
control rod 2230, which passes through and is guided by a guide bushing 2231 within 
cylindrical opening 2232 in main drive shaft 2234 and rotates with drive shaft 2234, 
25 includes a toothed surface 2236 which engages a pinion gear 2238. Pinion gear 223S 
is coupled to gear toothed surface 2226 of bearing block 2222, and is mounted in 
bushings 2240. Axial movement of control rod 2230, in the direction of arrow, B, 
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causes pinion gear 2238 to rotate, arrow, C. Rotation of pinion gear 2238 causes 
bearing block 2222 to slide in channel 2220, arrow D, circumferentially about a circle 
centered on U-joint axis, F, thus changing angle, 5. The stroke of pistons 2212 is thus 
adjusted while flywheel 2218 remains axially stationary (along the direction of arrow, 



Referring to FIG. 57, to counterbalance the movement of transition arm 2214 
and bearing block 2222, a movable balance member 2410 is coupled to a control rod 
2230a. Control rod 2230a includes linear toothed surface 2236 in a first end region 
2412 of the control rod (as in control rod 2230 of FIGS. 54 and 55), as well as a 
second linear toothed surface 2414 at an opposite end region 2416 of control rod 
2230a. Toothed surface 2236 mates with bearing block 2222, as described above. 
Toothed surface 2414 mates with a gear 2418, and gear 2418 mates with a toothed 
surface 2420 of balance member 2410. Linear movement of control rod 2230a, 

_armw, b^-thui^iiU-Si^ and balance memb er 2410 to 

translate, arrow, d. Flywheel 2218 and gears 2238 and 2418 are balanced as a unit 
about axis, F. Transition arm 2214 and balance member 2410 are both balanced about 
axis, F, when the pistons are at zero-stroke. 

When control rod 2230a is moved to the right, as viewed in FIG. 57, gear 2238 
rotates counter-clockwise, and bearing block 2222 moves downward along a slight 
arc, shortening the stroke of the pistons. Simultaneously, gear 2418 rotates counter- 
clockwise, and balance member 2410 moves upward in a substantially opposite 
direction to the direction of movement of bearing block 2222. While there is a slight 
variation in the movement of bearing block 2222 and balance member 2410 (bearing 
block 2222 undergoes radial motion while balance member 2410 undergoes linear 
motion), the balancing obtained significantly reduces potential vibration of the 
assembly. 

Referring to FIG. 58, a dual capacity compressor 3010, for example, a gas 



B). 
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refrigerant compressor, is shown that is particularly useful in applications in which 
compressor capacity is preferably varied to conserve energy, such as in home 
refrigerators. Compressor 3010 includes first and second piston assemblies 3012 
mounted circumferentially about a transition arm 3014. Transition arm 3014 is 
5 mounted to a universal joint 3016, and drive pins 3018 couple transition arm 3014 to 
piston assemblies 3012 via piston joint assemblies 3020. The motion of transition 
arm 3014 causes linear motion of piston assemblies 3012, as described above. 

Each piston assembly 3012 includes a piston 3024 and an opposed guide rod 
3026. Compressor 3010 includes a case 3030 defining cylinders 3032 within which 
10 piston assemblies 3012 are mounted. Each cylinders 3032 has an end wall 3034. 

Guide rods 3026 each ride within a bearing 3036 positioned in a respective cylinder 
3032. 

Compressor 3010 includes a linear, stroke/clearance control mechanism 3040 
that maintains the clearance distance, d, between an end face 3042 of piston 3024 and 

is end wall 3034 at the top of the piston stroke substantially constant as the stroke of 

piston 3024 is changed. Mechanism 3040 includes a stroke control lever 3050, a link 
rod 3052, and aU-joint control lever 3054. Lever 3050 is connected to rod 3052 at a 
pivot joint 3050a, and lever 3054 is connected to rod 3052 at pivot joint 3054a. 
Stroke control lever 3050 is connected to a rotating stroke control arm 3056 by a 

2 o bearing 3056a mounted between thrust washers 3056b, and a pivot joint 3050b. 

Lever 3050 is grounded to case 3030 by a pivot joint 3050c. U-joint control lever 
3054 is connected to an arm 3062 to which U-joint 3016 is mounted by a pivot joint 
3054b. Lever 3054 is grounded to case 3030 by a pivot joint 3054c. The length, LI, 
of lever 3050 between joints 3050b and 3050c is, for example, 2.5 inches; the length, 

25 L2, of lever 3050 between joints 3050c and 3050a is, for example, 2.5 inches; the 

length, L3, of lever 3054 between joints 3054b and 3054c is, for example, 1.5 inches; 
the length, L4, of lever 3054 between joints 3054b and 3054a is, for example, 3.5 
inches; and the length, L5, of link rod 3052 between joints 3050a and 3054a is, for 
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example, 16 inches. 

Stroke control arm 3056 has a flywheel 3058 that slides relative to a nose pin 
3060 of transition arm 3014. Arm 3062 includes a spline 3066 received within a slot 
3068 in case 3030 to prevent rotation of arm 3062 and U-joint 3016 relative to case 
3030. Moving the axial position of flywheel 3058, arrow, A, relative to nose pin 
3060, changes the cone angle, 8, of transition arm 3014, and thus the stroke of piston 
assemblies 3012. Moving U-joint 3016, arrow, B, moves the axial position of piston 
assemblies 3012 within cylinders 3032, arrow, C, thus adjusting the top clearance 
volume, i.e., the distance, d, between piston end face 3042 and end wall 3034. 

Mechanism 3040 thus couples the motion of the U-joint and the stroke control. 
The relationship between the two motions is linear or nearly so, since it is maintained 
by two levers 3050, 3054 and one pushrod 3052. The relationship is inverse and 
roughly four to one, so that four units of movement of the stroke arm 3056 correspond 
to one unit of movement of the U-joint arm 3062. The motion of U-joint 3016 equals 
the distance, di, between the central axis, W, and the piston axis, X, times the tangent 
of cone angle, 0. The motion of stroke arm 3056 is the distance, d2, between central 
axis, W, and an axis, Y, parallel to axis, W, (defined by a center, Z, of nose pin 3060) 
divided by the tangent of cone angle, 0, plus the motion of U-joint 3016. In the 
example of Fig. 1, di is 2 inches, and d 2 is 0.5 inches. 

The piston stroke and top clearance are simultaneously adjusted by applying a 
force, F, to link rod 3052. When link rod 3052 is moved to the right, as viewed in 
Fig. 58, flywheel 3058 moves to the left by the action of stroke control lever 3050, 
decreasing angle, 0, and thus decreasing the piston stroke. If the position of U-joint 
3016 were not also adjusted, the decrease in piston stroke would cause an increase in 
top clearance distance, d. However, when link rod 3052 is moved to the right, U-joint 
3016 moves to the right by the action of U-joint control lever 3054, which moves 
piston end face 3042 closer to end wall 3034, thus maintaining top clearance distance, 
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d, substantially constant. 

To obtain a pumping efficiency of close to 100%, it is desirable to have top 
clearance distance, d, as close to zero as possible without contacting piston end face 
3042 against end wall 3034. For example, as shown in FIG. 59, for the linear 
5 compensation provided by mechanism 3040 of FIG. 58, as the cone angle, 9, increases 
from 8 to 24 degrees, the stroke increases, and the clearance distance, d, ranges 
between zero mils and 113 mils. The highest efficiency is seen at cone angles of 8 
and 24 degrees where the clearance distance is essentially zero. 

The ratio, K, of the axial motion of flywheel arm 3056 to the axial motion of 
10 U-joint 3016 can be adjusted to change the cone angle, and thus the stroke, at which 
the clearance distance is essentially zero. For example, in FIG. 58, the ratio, K, is - 
0.22. By changing the length of stroke control lever 3050, link rod 3052, or U-joint 
control lever 3054 the ratio, K, can be changed. 

The clearance distance obtained as the stroke of the pistons is adjusted can be 
15 further modified by incorporating second-order compensation. Referring to FIG. 60, 
a continuously variable capacity compressor 3010a includes a non-linear, 
stroke/clearance control mechanism 3040a. In mechanism 3040a, linkage rod 3052a 
is coupled to stroke control lever 3051a by a non-linear link 3070. Link 3070 
includes a short link 3072 and a triangular grounded link 3074. Link 3072 is 
2 o connected to stroke control lever 305 1 a by a pivot joint 3072a, and to link 3074 by a 
pivot joint 3072b. Link 3074 is connected to linkage rod 3052a by a pivot joint 
3074a, and is grounded to case 3030 by a pivot joint 3074b. Lever 3055a is 
connected to rod 3052a at pivot joint 3057a. Stroke control lever 3051a is connected 
to a rotating stroke control arm 3056a and U-joint control lever 3055a is connected to 
25 an arm 3062a as described above with reference to FIG. 58. Links 3072 and 3074 

create a second order term in the transfer function between stroke arm movement and 
U-joint movement. The transfer function can be modified by, for example, changing 
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the length, L 6 , of short link 3072 or the angle, a, of triangular link 3074, to obtain a 
desired relationship. 

The resulting curve for the non-linear mechanism of FIG. 60 is also shown in 
FIG. 59. Zero clearance occurs at cone angles of 10.5 and 24 degrees, with a 
maximum clearance distance, d, of 23 mils occurring at a cone angle of 17 degrees. 
Thus, the clearance is maintained below 23 mils for a stroke range of 330 to 1000 
mils, providing efficient operation over the entire stroke range. The ratio of clearance 
to stroke defines the efficiency, with a low ratio corresponding to high efficiency. For 
the non-linear mechanism, this ratio is less than 3% over the entire stroke range. FIG. 
59 also includes a curve of the clearance, d, when no compensation mechanism is 
employed. 

The ability to vary the capacity of the compressor using the mechanisms of 
FIGS. 58 and 60 allows the compressor to be started at minimum capacity and then be 
ramped up. This allows for a low starting torque. The non-linear mechanism also 
exhibits unloading at minimum stroke, as can be seen by the rise in clearance at 8 
degrees and a stroke of 316 mils to 58 mils, thus limiting the gas compression forces 
and therefore the starting load placed on the motor. 

Referring to FIG. 61, an integral motor/compressor 3100 includes a housing 
3102 defining a motor section 3104 and a compressor section 3106. Motor section 
3104 houses a motor 3110 and a drive arm 3112. Motor 3110 includes a stator 31 14 
and a rotor 3116. Drive arm 31 12 is mounted to rotate with rotor 3116 and to slide 
axially, arrow, D, relative to rotor 3116. To this end, drive arm 3112 has a spline 
3118 received within a slot 3120 in rotor 3116. Mounted to an end 3122 of drive arm 
31 12 is a flywheel 3124 located in compressor section 3106. Also within compressor 
section 3106 are a transition arm 3130 supported by a U-joint 3132 and pistons 3134. 
The configuration of transition arm 3130, U-joint 3132 and pistons 3134 are as 
described above. Transition arm 3130 includes a nose pin 3136 slidably received 
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within an opening 3138 defined by flywheel 3 124. 

As discussed above, axial movement of drive arm 3112 changes the stroke of 
pistons 3134. Housing 3102 defines a chamber 3140 in which a piston 3142 is 
located. Piston 3 142 is coupled to drive aim 3 1 12 by a control link 3 144. Piston 

5 3142 is attached to control link 3144 at a pivot 3144a. Link 3144 pivots about a fixed 
pivot 3 144b and is a attached to a collar 3 145 coupled to drive arm 3 1 12 at a pivot 
3 144c, such that linear motion of piston 3 142 causes linear motion of drive arm 3112 
to change the stroke of pistons 3134. Drive arm 3112 rotates within collar 3145, and 
collar 3145 acts against a thrust washer 3147 that rotates with drive arm 3112 and 

10 absorbs the force of collar 3145 pushing against drive arm 3112. Between an end face 
3146 of piston 3142 and an end wall 3148 of housing 3102 is a gas chamber 3150. 
By adjusting the gas pressure in gas chamber 3150, the axial position of drive arm 
3112 can be changed, thus changing the stroke of pistons 3134. 

Referring to FIG. 62, a stroke/clearance control mechanism 3~0^l>bThat ~~ 
15 maintains the clearance distance, d, at the top of the piston stroke substantially 
constant as the stroke of the pistons is changed is shown incorporated with 
integral/motor compressor 3100. As discussed above with reference to Fig. 58, 
mechanism 3040b includes a stroke control lever 3051b, a link rod 3052b, and a U- 
joint control lever 3055b. Mechanism 3040b functions as described above with 
20 reference to FIG. 58, with the clearance distance substantially zero at two points of 
the piston stroke. The mechanism of FIG. 60 can also be incorporated into 
integral/motor compressor 3100. 

Compressors 3010 and 3010a and integral motor/compressor 3100 can include 
more than two piston assemblies. The stroke/clearance control mechanisms described 
25 above can used to vary the top clearance of an internal combustion engine so that the 
compression ratio remains substantially constant over a wide range of displacements, 
that is, the clearance distance, d, remains substantially the same percentage of the 



- 49 - 



WO 2003/100231 PCT/US2003/016633 



stroke as the stroke is varied. Any other desirable relationship can also be created by 
adjusting the shapes and or lengths of the various levers. 

Referring to FIGS. 63 and 64, a metering pump 10a for delivering known 
amounts of various fluids includes a plurality of piston cylinders 12a, two, three or 
5 more cylinders, radially disposed about a central actuating mechanism 14a. Housed 
within each cylinder 12a is a piston 16a and a guide rod 16b supported by a guide 
bushing or sleeve bearing 16c. Cylinders 12a each include a fluid inlet 18a for 
delivering fluid into cylinder 12a, and a fluid outlet 20a for delivering metered fluid. 
At each of inlet 18a and outlet 20a a spring-loaded, ball check valve 22a is positioned 

10 to provide one-way fluid flow, though other types of valves can be used. Actuating 
mechanism 14a includes a transition arm 25a coupled to a stationary support 26a by, 
e.g., a U-joint. Transition arm 24a includes a plurality of arms 30a, each coupled to 
one of the cylinders 12a by a joint 71a, and an arm 34a coupled to a rotary member 
36a. Various embodiments of actuating mechanism 14a and joint 71a have been 

is described above. 

The working volume and thus the output of cylinders 12a preferably differ, 
e.g., by a proportional relationship. This feature is particularly applicable where it is 
desired that the portions of various fluids to be mixed remain constant once 
determined and set. Metering pump 10a provides precise adjustment and accurate and 
20 repeatable performance as a precision positive displacement device. 

The working volume of each cylinder, and thus the volume of metered fluid, is 
defined by the stroke of piston 16a and the inner diameter, d, of cylinder 12a. For 
each cylinder/piston combination, the diameter of the cylinder and/or the stroke of the 
piston can differ, permitting the pumping of different fluids in different but exact 
25 quantities. For example, to mix five different liquids, each liquid being a different 
percentage of the mixed fluid, five cylinders 12a are arranged about actuating 
mechanism 14a with each cylinder having a different diameter, dl -d5, such that 



- 50 - 



WO 2003/100231 



PCT/US2003/0 16633 



equal strokes deliver the desired mix percentages from each cylinder. Alternatively, 
or in addition, the distance, D, of cylinders 12a from a central pivot 40a of transition 
arm 24a (as measured by the distance between central pivot 40a and a center 28a of 
joint 71a) differ to provide different strokes. For example, coarse values for each 
fluid is determined by the cylinder diameter, and fine adjustment is accomplished by 
positioning the cylinders at desired radial positions to individually adjust the stroke of 
the pistons. 

To allow for individual stroke adjustment of the pistons, each cylinder 12a is 
pivotally connected at an end 42a of the cylinder to metering pump housing 44a by a 
pin 46a. At the opposite end 48a of the cylinder is a threaded rod 73a mounted to 
housing 44a and a knurled nut 75a received on rod 73a. Cylinder 12a includes an 
extension 60a with a through bore 60b. Extension 60a is received on rod 73a with rod 
73a extending through bore 60b. As oriented in FIG. 63, nut 75a is positioned on rod 

_73a^bove^tensioi^0a r ^d^-spring-62^ 

extension 60a. Spring 62a acts between housing 4a and extension 60a to bias 
extension 60a toward nut 75a. 

Turning nut 75a lowers or raises extension 60a, causing cylinder 12a to move 
about pivot pin 46a, bringing cylinder 12a closer or further from central pivot 40a. 
Since the angular swing of transition arm 24a is a constant, determined by the angular 
offset of arm 34a, adjusting the distance of cylinder 12a from central pivot 40a adjusts 
the stroke, which then remains constant. Thus, turning nut 75a to lower nut 75a on 
rod 73a slides extension 60a down rod 73a with cylinder 12a pivoting about pin 46a. 
This adjusts the position of piston 16a along arm 30a to reduce the stroke of piston 
16a, and thus reduce the volume of pumped fluid. Turning nut 75a to raise nut 75a on 
rod 73a slides extension 60a up rod 73a with cylinder 12a pivoting about pin 46a, 
increasing the stroke of piston 16a, and thus increasing the volume of pumped fluid. 
Extension bore 60b has a larger diameter than the diameter of rod 73 a to provide a 
clearance that accommodates the radial movement of extension 60b about pin 46a. 
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The stroke of each piston 16a in metering pump 10a can be independently adjusted by 
turning the respective nut 75a. 

The length of drive arm 30a determines the amount of stroke adjustment that 
is possible by changing distance, D. The length of drive arm 30a can be up to about 
three times the stoke length since the loads seen during metering are relatively small. 
In addition, the variable stroke mechanisms described above can be employed to 
permit the output to be varied over a wide range, while still maintaining the same 
proportions in the mix. 

Metering pump 10a advantageously locks the fluid proportions to exact and 
repeatable values. A cylinder can be separately removed and replaced by one of a 
different diameter. The speeds and loads for the mixing operation are low enough to 
permit oil-less operations, and thus, a cleaner operating metering pump. Metering 
pump 10a is also applicable to applications where one fluid is being delivered, or 
various fluids are being mixed at equal proportions. 

Referring to FIG. 65, a linear generator or motor 210 includes one or more 
piston assemblies 212 mounted circumferentially about a transition arm 214. 
Transition arm 214 is mounted to a universal joint 216, and drive pins 218 couple 
transition arm 214 to piston assemblies 212 via piston joint assemblies 220. 
Transition arm 214 is also coupled to a flywheel 222. When functioning as a 
generator, rotation of flywheel 222 causes motion of piston assemblies 212 that is 
linear in space and sinusoidal in time (i.e., simple harmonic motion). When 
functioning as a motor, the motion of piston assemblies 212 causes rotation of 
flywheel 222. 

Each piston assembly 212 terminates in a permanent magnet 230 that 
reciprocates with the piston assembly. Each piston assembly 212 is housed within a 
non-magnetic cylinder 232 having a coil 234 located within the cylinder wall 236. 
Coil 234 is wound circumferentially about magnet 230. Rotation of flywheel 222 
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causes reciprocating, linear motion of magnet 230 such that alternating current is 
produced at coil 234 at the revolving frequency of flywheel 222. The waveform is 
adjustable by changing the shape of the coil and/or the magnetic field. 

With three 120° spaced cylinders the alternating current produced is three- 
5 phase. Since the motion of magnet 230 is linear in space and sinusoidal in time and 
the voltage produced is proportion to the speed of the magnet, with three 120° spaced 
cylinders a coil winding having a uniform number of turns per inch produces a 
sinusoidal voltage output as long as the magnet remains within the coil during the 
reciprocating motion. 

io As a linear generator, rotation of flywheel 222 causes linear motion of piston 

assemblies 212 to generate power. As a linear motor, applying ac power to coil 234 
causes piston assemblies 212 to reciprocate, which causes flywheel 222 to rotate. 
This is accomplished with no brushes or commutators. 

Piston assemblies 212 can be single-ended or double-ended pistons. Magnet 
is 230 and coil 234 can be positioned on one or both sides of a double-ended piston. 

Coil 234 can be inside or outside magnet 230, or both. For example, referring to FIG. 
66, piston assembly 212a terminates in a magnetic tube 240 having a tubular portion 
241 magnetized at right angles to the axis. Cylinder 232a includes an inner, 
cylindrical coil 242 positioned within tube 240 and an outer, cylindrical coil 244 
2 o positioned around the outside of tube 240. Coils 242, 244 are surrounded by 

transformer laminations 246. Magnetic tube 240 oscillates within coils 242, 244 
driven by motion of piston assembly 212a, producing a sinusoidal voltage output. For 
a coil and lamination length of L and a gap width of d, the tube oscillates over a 
stroke distance (L-d)/2, and the tube is of length (L+d)/2. The length of the tube and 
25 the stroke can be adjusted to perfect the sinusoidal waveform. 

Referring again to FIG. 65, in a hybrid generator configuration, one side 250a 
of a double-ended piston assembly 212 functions as a gasoline engine, and the other 
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side 250b generates ac power. In a hybrid pump or compressor configuration, side 
250b is a motor with ac power applied to coil 230 causing piston assembly 212 to 
reciprocate, and side 250a functions as a pump or compressor. In the hybrid 
configurations, the direct push from power to load along the line between two 
opposing ends of the piston assembly increases efficiency by eliminating rotating 
friction in the power path, and largely eliminates forces that need to be passed through 
the drive pins 218, transition arm 214, and universal joint 216. The drive pins 218, 
transition arm 214, and universal joint 216 do very little work, i.e., just synchronizing 
the pistons, and therefore can be made very light. The coil and magnet of FIG. 66 can 
also be used in the hybrid configurations. 

Referring to FIG. 67, a compressor or pump assembly 260 includes a double- 
ended piston assembly 262 and a single-ended piston assembly 264. Connected to a 
piston rod 266 of piston assembly 262 opposite piston head 268 is a linear 

electrom a gnetic motor 270, such as d escribed above. The_singlejmotoii2IfLcan drive 

both piston assemblies 262, 264 because motor 270 can both push and pull piston 
assembly 262. When motor 270 is driving to the right, as viewed in FIG. 67, the force 
is transferred directly from motor 270 to piston head 268, and thus to the load. Piston 
head 268 is driven to the right, and the motion of piston rod 266 is transferred by 
transition arm 272 to piston assembly 264, moving piston head 274 of piston 
assembly 264 to the left for an intake stroke. When motor 270 is driven to the left, the 
force is transferred directly to piston head 268, moving piston head 268 to the left for 
an intake stroke. Again, the motion of piston rod 266 is transferred by transition arm 
272 to piston assembly 264, now moving piston head 274 to the right, and thus to the 
load. 

The forces applied to piston assemblies 262, 264 are not transmitted through 
nose pin 280, flywheel 282, or drive shaft 284. The nose pin, flywheel, and drive 
shaft simply act to keep the motions of the pistons synchronized and sinusoidal. The 
assembly is efficient due to the high efficiency of motor 270, typically over 90%, and 
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the direct transfer of load from motor 270 to piston assemblies 262, 264 through the 
transition arm acting as an efficient rocker aim. 

Assembly 260 can be balanced, generally as described above. In particular, 
assembly 260 includes five counterweights 300a', 302a, 304a, and two not shown 
5 coupled to the transition arm with one positioned above the plane of the paper in FIG. 
67, and one below the plane of the paper, such as counterweights 1 160, 1 162 shown 
in FIG. 45. Counterweight 300a' acts to equalize the weight of piston assemblies 262, 
264, i.e., accounts for the added weight to piston assembly 262 from the magnet 290 
of motor 270 and any extra length of piston rod 266. For a two piston assembly flat 
10 configuration, counterweights 302a, 304a create a rotary couple equal in magnitude 
and 180 degrees out of phase to the rotary couple of the piston assemblies and 
counterweights 1160, 1 162 about the center, C, of universal joint 310a. 

The hybrid generator can be used to drive the wheels of a vehicle through 
linear motors at the wheels, particularly three-phase or more linear motors with rotary 

15 shaft output. As the engine speed increases, the frequency of the a-c power produced 
rises, and thus the speed of the wheels increases synchronously with the generator. 
Alternatively, a hydraulic three-phase line can connect a hybrid pump to hydraulic 
motors at the wheels; or a single high pressure hydraulic line can run from the engine 
to each wheel, and then a hydraulic motor with valved input and output lines transfers 

2 o power from the engine to the wheels without the need to be synchronous. 

If the position of universal joint 216 is moved to act as a zero clearance 
compressor or a variable stroke constant compression ratio engine, as described 
above, the linear generator or motor is not sensitive to the precise position of the 
magnet. As the stroke is adjusted for some purpose on the engine side, the other side 
2 5 continues to function normally. Some overrun on the length of the magnet is 
required. The linear motor is also compatible for use as an integral electric 
motor/compressor. 
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Referring to FIG. 68, often it is useful or necessary to convert ac power from 
one form to another, i.e., from single-phase 120-volt power to three-phase 240-volt 
power, or vice versa. The mechanism shown in FIG. 68 performs this conversion 
using the left side of the mechanism for single-phase input or output, and the right 
side for three-phase input or output. The assembly 3300 includes a double-ended 
piston assembly 3302, and two single-ended piston assemblies 3304 (only one of 
which can be seen in the view of FIG. 68) that are spaced apart 120° from the double- 
ended piston assembly. All four pistons (one of which can not be seen in the view of 
FIG. 68) contain magnetic material 3306, and all four cylinders have windings for the 
input and output voltages as follows: winding 3308 on the left-hand side is wound for 
120 volts ac, and three windings 3310 on the right side are wound for 240 volts ac, 
with the wires sized to support the required current demands. 

The application of 120 volts to coil 3308 causes rotation of the shaft 284 and 
_counteraeight302a_ataconstant_syn^ 

and correspondingly, each of the output coils 3310 generates a voltage at the same 
frequency. The magnitude of this secondary voltage depends, other things being 
equal, primarily upon the ratio of turns between the input and output coils. In this 
case that ratio would be 2: 1. Each output has the same voltage, but the phase 
relationship is in accordance with the relationship in space among the three coils, i.e., 
120° apart, to produce three-phase ac. 

The mechanism works as well in reverse to convert three-phase 240-volt ac to 
single-phase 120-volt ac power. The mechanism could also convert between other 
phases by using a different number or configuration of piston assemblies. 

The output shaft from the flywheel of various embodiments can be used to 
drive the flywheel of various other embodiments. For example, referring to FIG. 69, 
gasoline engine pistons 3320 drive air compressor pistons 3322, and the output shaft 
3324 drives a 120 volt single phase ac generator 3326, and a 240 volt three phase ac 
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generator 3328. 

Referring to FIG.70, a drive assembly 4100 with overload protection includes 
one or more piston assemblies 4105 mounted circumferentially about a transition arm 
4110. Transition arm 41 10 is mounted to a universal joint 4115, and drive pins 4120 
couple transition arm 41 10 to piston assemblies 4105 via piston joint assemblies 
4125* as described elsewhere in this application. Transition arm 41 10 is also coupled 
to a flywheel 4130 which houses an overload protection mechanism 4135. Flywheel 
4130 is coupled to an input drive 4140. 

The drive assembly 4100 functions, e.g., as a generator, a compressor, a pump, 
an integral engine compressor, or an integral engine pump. The rotation of the input 
drive 4140 causes rotation of the flywheel 4130 which, in turn, causes the linear 
motion of the piston assemblies 4105. 

- AnH3V^lQad4s^-increasein^ of the operating — 

pressure of the drive assembly 4100. Overloads are typically caused by downstream 
blockage restricting flow such that pressure begins to build at drive assembly 4100. 
When the pressure rises above an upper limit of the operating pressure, an overload 
occurs that may damage the drive assembly 4100 or components downstream of the 
drive assembly 4100. An overload can be caused, for example, by a closed flow 
control valve. 

Referring to FIGS. 71 and 72, flywheel 4130 defines a slot 4200. Overload 
protection mechanism 4135 includes one or more springs 4210 (two springs 4210a, 
4210b being shown in FIG. 72) positioned within slot 4200, a pad 4215 coupled to 
springs 4210, a block 4220 also positioned within slot 4200 and designed to receive a 
nose pin 4205 of transition arm 41 1 0, and an optional shut-off or overload indicator 
mechanism 4225. Referring also to FIG. 73, slot 4200 is bounded by a first sidewall 
4400, a second sidewall 4405, a third sidewall 4410, and lateral sidewalls 441 1 (FIG. 
72) that are shaped to guide block 4220 during movement of block 4220 in response 
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to an overload and to aid in stabilizing block 4220 during normal operation, as 
discussed below. Third sidewall 4410 includes a flat first portion 4415 for stabilizing 
block 4220 during normal operation, a curved second portion 4420 for guiding block 
4220 during movement of block 4220 in response to an overload, and a flat third 
5 portion 4425 for stabilizing spring 4210 in its operating position. Referring also to 
Fig. 71, curved second portion 4420 has a radius of curvature Ri which is the same as 
the distance Di (FIG. 73) from a point of contact Pi of block 4220 with third sidewall 
4410 (when block 4220 is in its design stroke position during normal operation) to the 
center point U of universal joint 4115. 

io Referring to FIG. 74, block 4220 has a first curved end 4230a, a second 

curved end 4230b, and flat sides 4235. Block 4220 also defines a bore hole 423 1 
sized and shaped to receive nose pin 4205 of transition arm 4110. Located within 
bore hole 4231 is, e.g., a sleeve bearing 4232. First curved end 4230a is cylindrically 

c ur ved to m at e with p ad-4215-to-s t a biliz e a nd guid e blo c k ^22Q-du ring movement of 

is transition arm 41 10 in response to an overload. In one implementation, first curved 
end 4230a has a radius of curvature that extends from center B of block 4220 to the 
point of contact between pad 4215 and block 4220. 

Second curved end 4230b is curved such that torsional loads caused by contact 
between block 4220 and sidewall 4405 of slot 4200 when block 4220 is in its design 
2 o stroke position during normal operation are minimized. Torsional loads on block 
4220 are undesirable because such loads increase sideloads between block 4220 and 
lateral sidewalk 441 1 of slot 4200. Increased sideloads increase the minimum 
overload force necessary to compress springs 4210 and thus increase the minimum 
overload force necessary to actuate overload protection mechanism 4135. 

25 Specifically, second curved end 4230b is an ellipsoid surface having a first 

radius of curvature R2 which is the same as the distance D2 (FIG. 71) extending from 
the center B of block 4220 to the point of contact P 2 of block 4220 with sidewall 
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4405. Referring again to FIG. 72, second curved end 4230b also has a second radius 
of curvature that is designed to be smaller than the radius of curvature of sidewall 
4405. Sidewall 4405 and second curved end 4230b shown in FIG. 72 are curved to 
localize the contact of block 4220 and sidewall 4405 to an approximate area around 
5 point P2. 

Referring to FIGS. 71 and 75, springs 4210 abut against first sidewall 4400 of 
slot 4200 and against surface 4254 of pad 4215. Pad 4215 includes a cylindrical 
projection 4255 that is received within one of springs 4210 to couple pad 4215 to the 
spring. Pad 4215 also includes a cylindrically curved surface 4216 that engages the 
10 first curved end 4230a of block 4220 to stabilize and guide block 4220 during 
movement of transition arm 41 10 in response to an overload. 

Springs 4210 exert a biasing force on block 4220 through pad 4215 to 
maintain block 4220, and thus transition arm 41 10, in a predetermined position during 
normal operation corresponding to the desired stroke ot the drive assembly. Block 
15 4220 is stabilized by contact with second sidewall 4405 and flat first portion 4415. 

When an overload occurs, transition arm 41 10 through nose pin 4205 acts on 
block 4220, moving block 4220 in the direction of arrow, A (FIG. 71), against the 
biasing force of springs 4210. Curved second portion 4420 of slot 4200 guides the 
movement of block 4220 and is radiused to follow the arced motion of the nose pin 

2 0 4205 . Springs 42 1 0 keep block 4220 in contact with curved second portion 4420 at 
all times during the block's movement. Transition arm 41 10 thus moves toward a 
zero stroke position in which transition arm axis, X, is aligned with drive assembly 
axis, Y. This decreases the stroke of piston assemblies 4105 causing a decrease in 
flow that reduces the pressure seen by the drive assembly 4100 and components 

25 downstream of the drive assembly 4100. At the same time, flywheel 4130 and input 
shaft 4140 can continue rotating at their preoverload speed, even if the stroke is 
decreased to zero, thus preserving the rotational inertia of the flywheel and input 
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shaft. 

Referring to FIGS. 76A-76D, in response to an overload caused by a 
downstream blockage, block 4220 moves, e.g., from the normal operating position of 
FIG. 76 A to the zero stroke position of FIG. 76C. A piston 4107 in piston assembly 
5 4105 travels a full stroke distance FS corresponding to the distance moved by the 
piston when the flywheel rotates 180 degrees. 

As shown in FIGS. 76C and 76D, when drive assembly 4100 has experienced 
an overload due to a downstream blockage 4259 that, e.g., has completely restricted 
the flow from piston assembly 4105, the overload acts on transition arm 41 10 through 

10 piston assembly 4105 to completely compress springs 4210 and thereby position 
block 4220 at a zero stroke position (i.e., axes X and Y are aligned). When block 
4220 moves to the zero stroke position due to the overload, piston 4107 in piston 
assembly 4105 moves a distance D equal to half of the full stroke distance FS. This 
movement is half a stroke and corresponds to a 90 degree rotation of flywheel 4130. 

15 If piston assembly 4125 were in the middle of a stroke prior to occurrence of the 

blockage, rather than having just completed the stroke, the distance D would be less 
than half the full stroke distance FS and flywheel 4130 would have rotated less than 
90 degrees. 

Accordingly, the maximum amount of time that drive assembly 4100 can 
2 o experience an overload is a period of time equivalent to the time it takes for flywheel 
4130 to rotate a maximum of 90 degrees (corresponding to movement of transition 
arm 4110 before the overload acting on the transition arm is in the direction of arrow, 
A). This period of time is acceptably short to limit any possible damage before the 
overload protection mechanism reacts to the overload, e.g., for drive assemblies 
25 operating at 3,000 RPM the time period is 5 milliseconds or less, or at 1,700 RPM the 
time period is 8.8 milliseconds or less. 

When the cause of the overload is removed or otherwise dissipated, springs 
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4210 push block 4220 back toward the design stroke position. Overload protection 
mechanism 4135 thus returns drive assembly 4100 to normal operation automatically 
when the overload is removed. The speed to which drive assembly 4100 can return to 
normal operation is aided by maintaining the rotational inertia of the flywheel and 
5 output shaft during the overload. 

If downstream blockage 4259 only partially restricts the flow from piston 
assembly 4105, the pressure gradually builds on drive assembly 4100. When the 
pressure increases above the upper limit of the operating pressure of drive assembly 
4100, block 4220 begins to compress springs 4210 resulting in a decrease of the 

10 stroke of piston assemblies 4105 . The stroke of the piston assemblies 4105 decreases 
until the flow from the piston assemblies 4105 matches the reduced flow permissible 
through the blockage. This decrease in stroke of the piston assemblies 4105 limits 
any further increase in pressure seen by the drive assembly 4100 and any downstream 

components; 

15 The biasing load applied by spring 4210, and thus the force needed to 

compress springs 4210 in response to an overload, is selected based upon the 
application or use of drive assembly 4100. Typically, springs 4210 are designed to 
compress in response to an overload force that is 1.1 to 1.5 times the force needed to 
maintain block 4220 in the normal operation position. For example, a water pump 

2 o drive assembly that is capable of 3500 psi of output, during normal operation, exerts a 
force on spring 4210 in the direction of arrow, A, of approximately 835 lbs. Springs 
4210 are selected to compress, e.g., in response to a force of 919 lbs (i.e., 1.1 times 
the normal operating force on springs 4210). 

Alternatively, springs 4210 are designed to compress in response to a 
25 significant overload (i.e., 2 or 3 times the normal operating load). Any load above the 
normal operating load that is not reduced by compression of springs 4210 is seen by 
drive assembly 4100 and its downstream components. The amount of load above the 
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normal operating load that can be tolerated before reduction by compression of 
springs 4210 depends on the ability of drive assembly 4100 and the downstream 
components to handle the incremental extra load above the normal operating load. 
Springs 4210, therefore, are chosen based on the load bearing ability of drive 
5 assembly 4100 and the components downstream to drive assembly 4100. 

Referring to FIGS. 71-73, when an overload occurs, an optional shut-off or 
overload indicator mechanism 4225 turns on a light indicator (not shown) to inform 
the user of the drive assembly that an overload has occurred, and alternatively or 
additionally shuts off the operation of piston or pump assemblies 4105 by, for 

10 example, turning off the power to input drive 4140. Mechanism 4225 includes a 
switch 4245 and a pin 4240 attached to pad 4215 for activating switch 4245. Pin 
4240 extends through spring 4210a toward switch 4245. When block 4220 moves 
downward in response to an overload, pin 4240 extends through a hole 4250 in first 

sidewalL4400 to make contact-with switch 4245 to activate^the switch^roducing a 

15 signal that automatically shuts off the operation of the piston or pump assemblies 
4105 or alternatively or additionally activates a light indicator (not shown) that 
informs the user of the drive assembly that an overload has occurred. When the 
overload is removed, block 4220 moves back to its original position and pin 4240 
breaks contact with switch 4245. The light indicator is then deactivated and drive 

2 o assembly 4100 returns to normal operation. 

Springs 4210 are, for example, coil springs as shown in FIGS. 70-72. The coil 
springs can be replaced by any other mechanism selected to exert the force needed to 
hold block 4220 in slot 4200 and keep transition arm 41 10 in its normal operating 
position during normal loading and operation, and to allow block 4220 to move to a 
25 zero stroke position during an overload. For example, referring to FIGS. 77 and 78, 
an overload protection mechanism 4500 includes a leaf spring 4515 located within a 
slot 4505 defined by a flywheel 45 10. Spring 45 15 is attached to a spring retainer 
plate 4520 and extends from the spring retainer plate into slot 4505 where a 
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connecting plate 4518 attached to spring 4515 contacts a block 4525 to bias the block 
toward its operating position, as described above. 

Referring to FIG 79, leaf spring 4515 is clamped between spring retainer plate 
4520 and flywheel 4510. Alignment of flywheel 4510, leaf spring 4515, and spring 
5 retainer plate 4520 can be facilitated by the use of alignment dowels 4545. Flywheel 
45 1 0, leaf spring 45 1 5, and spring retainer plate 4520 each define screw or bolt holes 
4511, 4516, and 4521, respectively, to receive screws or bolts 4540, and each define 
dowel holes 4512, 4517, and 4522, respectively, to receive alignment dowels 4545. 
Connector plate 4518 is attached to leaf spring 4515 by, for example, bolts. Leaf 
l o spring 45 1 5 and connector plate 45 1 8 together define a hole 4519 sized and shaped to 
receive the transition arm 41 10. Spring retainer plate 4520 defines a hole 4523 sized 
and shaped to receive the transition arm 41 10. 

Referring to FIG. 80, slot 4505 has the same shape as slot 4200 described 
above, except that sidewall 4710 need not include portion 4425 and sidewall 4705 is 
15 extended (FIG. 73). Block 4525 is the same as block 4220 described above. 

Referring to FIG. 81, an overload protection mechanism 4840 for use in an 
assembly having variable stroke, e.g., a variable stroke pump assembly 4800, includes 
one or more piston assemblies 4805 mounted circumferentially about a transition arm 
4810. Transition arm 4810 is mounted to a universal joint 4815, and drive pins 4820 
20 couple transition arm 4810 to piston assemblies 4805 via piston joint assemblies 
4825. Transition arm 4810 is coupled to a flywheel 4845 with a variable stroke 
clearance mechanism 4830. Variable stroke clearance mechanism 4830 is actuated by 
a control rod 4835, as described previously in reference to FIG. 54. Overload 
protection mechanism 4840 is mounted to control rod 4835. 

25 Referring to FIG. 82, overload protection mechanism 4840 includes a housing 

4900 defining chambers 4901, 4902, and a rod 4903 located in chamber 4902 and 
fixed to housing 4900 at end 4912. Control rod 4835 is received in chamber 4901 and 
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coupled to housing 4900 by a bearing 4904 such that rotation of rod 4835 does not 
cause corresponding rotation of overload protection mechanism 4840. Located within 
chamber 4902 is a spring 4905 received over rod 4903, a coupler 4906 defining an 
overload stroke region 4907, and a control rod extension 490S. Control rod extension 
5 4908 is attached to coupler 4906 by a pin 4909, and is acted upon by, e.g., a hydraulic 
cylinder 491 0. Hydraulic cylinder 4910 can be coupled to the control rod extension 
4908 by, e.g., a self-aligning, non-rotating, coupling (not shown). Housing 4900 is 
axially movable relative to coupler 4906 and control rod extension 4908. 



10 hydraulic cylinder 4910 is actuated to move rod 4908 axially. The motion of rod 

490S is transferred to rod 4835 through housing 4900. In particular, when rod 4908 is 
moved in the direction of arrow, B, the motion of rod 4908 is transferred to coupler 
4906, then through spring 4905 (which is not compressed under normal load 



15 4908 is moved in the direction of arrow, C, the motion is transferred to coupler 4906, 
then by contact of the coupler with the housing at surface 491 1, through housing 4900 
to rod 4835 via bearing 4904. The spring constant is chosen such that the spring does 
not compress under normal load conditions for the maximum stroke position (which is 
the stroke position at which the highest normal load condition is seen). 

20 When the variable stroke pump assembly 4800 experiences an overload, the 

movement of transition arm 4810 in response to the overload acts to push control rod 
4835 in the direction of arrow, C, thus also pushing housing 4900 in the direction of 
the arrow, C. However, the axial position of rod 4908 and coupler 4906 does not 
change because of the coupling of rod 4908 to hydraulic cylinder 4910. The 

2 5 movement of cylindrical housing 4900 compresses spring 4905 and causes rod 4903 
to enter overload stroke region 4907 such that when an overload is experienced, the 
stroke of the piston assemblies decreases limiting the possibility of jamming and 
breakage while allowing the flywheel 4845 and the control rod 4835 to continue 



During normal operation, to change the stroke of piston assemblies 4805, 
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rotating. Once the overload is relieved (e.g., by removal of a blockage downstream of 
the piston assemblies), the piston assemblies automatically return to their full stroke 
position. The length, x, of overload stroke region 4907 is selected to accommodate 
changes in stroke from maximum stroke to zero stroke. 

5 The piston assemblies 4105 can include, e.g., a sealed member for 

compressing or pumping gases or an unsealed plunger typically used for pumping 
liquids. 

Other embodiments are within the scope of the following claims. 

For example, the double-ended pistons of the forgoing embodiments can be 
10 replaced with single-ended pistons having a piston at one end of the cylinder and a 
guide rod at the opposite end of the cylinder, such as the single-ended pistons shown 
in FIG. 32 where element 604, rather than being a pump piston acts as a guide rod. 

The various counterbalance techniques, variable-stroke and/or compression 
embodiments, and piston to transition arm couplings can be integrated in a single 
is engine, pump, compressor, generator, or motor, and can be used in the various 
embodiments of engines, pumps, compressors, generators, and motors described 
above. 
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What is Claimed is: 



1. 



An assembly, comprising: 



at least one piston assembly; 
a rotating member; 

a transition arm coupling the piston assembly to the rotating member; and 

an overload protection mechanism coupled to the transition arm and 
configured to reduce piston stroke of the piston assembly upon application of an 
overload to the assembly while enabling the rotating member to continue rotating. 

2. The assembly of claim 1 wherein the rotating member comprises a 
flywheel and the transition arm and the overload protection mechanism are coupled 
within the flywheel. 

3. The assembly of claim 1 further comprising a control rod for adjusting 
operating piston stroke of the piston assembly, the overload protection mechanism 
being coupled to the transition arm by the control rod. 

4. The assembly of claim 1 wherein the overload protection mechanism is 
configured to reduce piston stroke of the piston assembly while enabling the rotating 
member to continue rotating at a substantially pre-overload speed. 

5. The assembly of claim 1 wherein the overload protection mechanism is 
configured to reduce piston stroke of the piston assembly to zero. 

6. The assembly of claim 1 wherein the rotating member defines a slot 
and the overload protection mechanism includes at least one spring positioned in the 
slot and configured to bias the transition arm towards an operating stroke position. 
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7. The assembly of claim 6 wherein the slot is bounded by a plurality of 
different surfaces sized and shaped to guide the transition arm from an operating 
stroke position to a reduced stroke position upon application of the overload. 

8. The assembly of claim 6 wherein the spring comprises a coil spring. 
5 9. The assembly of claim 6 wherein the spring comprises a leaf spring. 

10. The assembly of claim 1 further comprising a control rod for adjusting 
the operating stroke of the piston assembly. 

1 1 . The assembly of claim 1 0 wherein the overload protection mechanism 
is coupled to the control rod. 

10 12. The assembly of claim 1 1 wherein the overload protection mechanism 

includes a spring and a control rod extension coupled to the spring. 

13. The assembly of claim 12 further comprising a hydraulic cylinder 
coupled to the control rod extension. 

14. The assembly of claim 13 wherein the spring has a spring force 

is selected such that application of a load on the control rod extension by the hydraulic 
cylinder to adjust piston stroke is transferred to the control rod by the spring, and 
application of an overload to the spring by the control rod causes the spring to 
compress to allow a decrease in piston stroke. 

15. The assembly of claim 1 wherein the overload protection mechanism is 
20 configured to increase piston stroke upon removal of the overload. 

16. The assembly of claim 1 further comprising at least three piston 
assemblies, the transition arm coupling each piston assembly to the rotating member. 
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17. An overload protection mechanism for protecting an assembly from 
damage due to an overload, the assembly including at least one piston assembly and a 
transition arm coupled to the piston assembly, the overload protection mechanism 
comprising: 

a biasing member configured and arranged to bias the transition arm towards 
an operating stroke position, and react in response to application of an overload such 
that the position of the transition arm is adjusted to reduce piston stroke of the piston 
assembly. 

18. An overload protection mechanism for protecting an assembly from 
damage due to an overload, the assembly including at least one piston assembly and a 
control rod for adjusting operating stroke of the piston assembly, the overload 
protection mechanism comprising: 

a control^d-extension^nfi^ 

stroke of the piston assembly, and 

a spring acting between the control rod and the control rod extension, the 
spring having a spring force selected such that application of the load on the control 
rod extension to adjust piston stroke is transferred to the control rod by the spring, and 
application of an overload to the spring by the control rod causes the spring to 
compress to allow a decrease in piston stroke. 

19. A method of protecting an assembly from an overload, comprising: 

reducing piston stroke upon application of an overload to the assembly while 
enabling a rotating member to continue rotating at a substantially pre-overload speed. 

20. The method of claim 19 wherein reducing piston stroke upon 
application of an overload comprises reducing piston stroke to zero. 
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2 1 . An assembly, comprising: 
at least one piston assembly; 
a rotating member; 

a transition arm coupling the piston assembly to the rotating member; and 

5 means for reducing piston stroke of the piston assembly upon application of an 

overload to the assembly while enabling the rotating member to continue rotating. 
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